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STELLINGEN 
1. Een continu doorgaande selectie op een lage voerconversie in populaties snelgroeiende 
vleeskuikens moet door negatieve effecten in de stofwisseling afgeraden worden. 
Dit proefschrift 
2. De interactie tussen genotype en onverzadigde vetzuren in hun effect op 
schildklierhormonen toont aan dat naast algemeen bekende positieve effecten die aan 
deze vetzuren worden toegeschreven er ook rekening gehouden moet worden met 
negatieve effekten zoals het verlagen van concentraties schildklierhormonen in het 
bloed. 
Dit proefschrift 
3. Het is voor astmapatiënten aan te bevelen een duursport te beoefenen, daar het 
positieve effect van vasoconstrictie van longarteriën op de pulmonale bloedcirculatie 
door oefening versterkt kan worden. 
Dit proefschrift 
4. Het optreden van plotselinge sterfte na het toedienen van bronchiale vasodilatoren met 
een niet zeer specifieke werking aan astmapatiënten dient in verband gebracht te 
worden met de functie van vasoconstrictie van longarteriën in de verbetering van de 
zuurstofvoorziening van het bloed. 
Dit proefschrift 
Op basis van variatie in de zuurstoftoevoer naar het darmstelsel tussen populaties 
vleeskuikens in combinatie met de hoge zuurstofbehoefte van het darmweefsel is het 
aan te bevelen de zuurstofvoorziening ervan als verklarende variabele op te nemen in 
een model dat het "malabsorptie syndroom" beschrijft. 
Afgeleid uit dit proefschrift 
6. Het is een illusie te veronderstellen dat genetische merkers die op enigerlei wijze 
betrokken zijn bij het niveau van de stofwisseling als onafhankelijke variabelen kunnen 
worden gebruikt ter bepaling van de fokwaarde van een dier. 
Het woord manipulatie binnen de term genetische manipulatie duidt op een activiteit 
die voornamelijk met de handen wordt uitgevoerd. Gezien de mogelijke negatieve 
gevolgen ervan, verdient het aanbeveling er ook het hoofd bij te gebruiken. 
8. De voederenergiebehoefte van een dier uitdrukken in arbeidsenergie (ATP-vormend 
vermogen) doet meer recht aan de onderhoudsprocessen dan onderhoudsbehoefte 
uitdrukken als warmteverlies. 
9. De stelling van Verberne (1987) dat alleen goede onderzoekers het zich kunnen 
permitteren niet te promoveren impliceert dat veel superieuren bij hun beoordeling 
van een onderzoeker zich liever verlaten op een uitspraak door een universiteit in 
het verleden dan op actuele prestaties. 
Naar aanleiding van stellingen behorende bij het proefschrift 
"The way PEEP depresses cardiac output. VU Amsterdam 
10. Een van de meest primitieve en stuitende uitingen van fascisme is dat negatief 
kwalificerende etiketten worden geplakt op groepen van mensen waarvan men de 
individuen niet kent en ook niet wil kennen. Overeenkomsten in Nederland tussen 
antisemitisme in het begin van deze eeuw en het in stand houden van "een hekel 
hebben aan Duitsers" heden ten dag zijn daarbij onmiskenbaar. 
1 1 . Het op een laag niveau beoefenen en onderwijzen van de wetenschap "geschiede-
nis" met betrekking op de 2e wereldoorlog in Nederland heeft erin geresulteerd dat 
het voor de meeste Nederlanders in 1995 nieuw was van de voorzitter van de 
Knesset te Jeruzalem te moeten vernemen dat het grootste contingent vrijwilligers 
(een harde kern) binnen de SS uit Nederlanders bestond. 
12. Bij het wegvallen van grenzen binnen Europa is het denkbaar te overwegen geo-
grafische uithoeken in landen zoals Zeeuws Vlaanderen in Nederland bestuurlijk en 
daardoor ook cultureel onder te brengen bij nabij gelegen centra in andere landen. 
13. Het in onbruik raken van de toekenning van een meestertitel binnen het timmer-
mansgilde na de middeleeuwen is toe te schrijven aan economische faktoren. 
Cor W. Scheele 
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VOORWOORD 
Dit proefschrift is tot stand gekomen als resultaat van een groot aantal toevallige 
gebeurtenissen waarbij veel personen bewust of onbewust een rol hebben gespeeld. 
Allereerst op het Centraal Laboratorium van DSM heb ik het verschil geleerd tussen het 
uitvoeren van proeven en het verrichten van onderzoek. Het laatste inclusief het ontwikkelen 
van geëigende technieken en het aanpassen van bestaande technieken specifiek voor een 
bepaald probleem. Daar hoorde ook bij studie van een probleem gebaseerd op bestaande 
grondprincipes binnen de relevante takken van wetenschap, en het plaatsen van het 
probleem in een vereenvoudigd model van een groter geheel. Dr. Pennings, later hoogleraar 
in Groningen, en Drs. T. Zwietering waren voor mij voorbeelden van wetenschappers. 
Op "Het Spelderholt" heb ik getracht de lijn, ontwikkeld op DSM door te trekken. Dit stuitte 
aanvankelijk op grotere problemen dan verwacht, daar men op dit instituut meer prioriteit 
toekende aan het doen van proeven dan aan het verrichten van onderzoek. 
Dankzij de contacten met de toenmalige Landbouwhogeschool te Wageningen (Dr. Van Es 
en Martin Verstegen) werd er een werkbaar compromis gevonden waarbij verschillen van 
inzicht met name over het begrip "onderhoud" en de kwantificering daarvan op een 
pragmatische wijze ter zijde werden gelegd. In het bijzonder van Dr. Van Es heb ik geleerd 
dat proefresultaten ook zo effectief mogelijk gebruikt dienen te worden in de dagelijkse 
praktijk van de veehouderij. Zijn hulp bij twee publikaties over de energiebenutting van 
slachtkuikens en leghennen was voor mij van zeer groot belang. 
Met hulp van en in samenwerking met vakmensen op "Het Spelderholt" zoals Peter 
Holsheimer en Philip van Schagen was het voor mij mogelijk een start te maken op "Het 
Spelderholt". In het bijzonder wil ik ook noemen de toewijding van de vakman Fred 
Hendricks, die op zeer kundige wijze methodieken voor balansmetingen aanpaste aan het 
pluimvee-onderzoek. 
Goede herinneringen bewaar ik aan de episode in 1977 te Nouzilly in Frankrijk en aan de 
intensieve discussies met collega's aldaar over onderzoek. Ook naderhand op "Het 
Spelderholt" was er Bob Erdtsieck, hoofd van de afdeling Verwerking en later interim 
directeur, die door zijn streven naar een verantwoord wetenschappelijk niveau mij op de 
juiste momenten wist te ondersteunen (zowel bewust als onbewust). Mijn dank daarvoor. 
Daarna was het te danken aan nieuwe impulsen van directeur Ir. Jongebreur en van junior 
adjunct directeur Gerrit Heusinkveld dat onderzoek nieuwe kansen kreeg. 
Het hier beschreven onderzoek vindt zijn oorsprong in een contact in 1986 met een oud 
collega van DSM, Ulbe Pauzenga, die mij vertelde over het probleem ascites bij kuikens in 
Jemen. 
Volgens oude DSM traditie werden toen de eerste ideeën ontwikkeld voor de opzet van 
onderzoek naar de oorzaken van ascites. De ontmoeting daarna met Gerard Albers van 
Euribrid, die op zijn eigen scherpzinnige wijze het probleem schetste, ondersteunde in 
belangrijke mate de ontwikkelde ideeën. Hij verschafte ook een belangrijk deel van het 
proefmateriaal. 
Daarna was het Maarten Frankenhuis, destijds hoogleraar in Utrecht en werkzaam bij de 
Gezondheidsdienst voor Pluimvee in Doorn, die een uiterst belangrijke bijdrage leverde aan 
de start van het onderzoek op "Het Spelderholt". Zijn enthousiasme en zijn betrokkenheid 
bij het probleem waarvan hij de ernst ten volle onderkende werkte zonder meer aanstekelijk. 
Groot respect heb ik voor de wijze waarop hij het eerste grote ascites experiment 
ondersteunde. 
Op "Het Spelderholt" zelf was het Harry Blokhuis die hielp de tegenwerking van de 
toenmalige senior adjunct directeur, met betrekking tot opzet en uitvoering van het 
onderzoek, te overwinnen. 
Harry voorzag mij ook van de nodige assistentie die ik op dat moment ontbeerde. Harry 
bijzonder bedankt. 
De hulp van Ton Donkers, Sander van Voorst, Gerard Beuving en Jan van der Haar was van 
cruciaal belang bij de uitvoering van het groot opgezette multifactoriële onderzoek dat in 
1988 van start ging. Pieter Vereijken ben ik erkentelijk voor zijn hulp bij de opzet van het 
eerste experiment en bij de uitwerking van de resultaten daarvan. De eerste 
hormoonbepalingen werden op "Het Spelderholt" uitgevoerd door Frans Schreurs, die dit in 
de weinige tijd die hij daarvoor tot zijn beschikking had voortreffelijk klaarde. Daarna was 
het professor Eddy Decuypere van de Katholieke Universiteit te Leuven in Vlaanderen die 
een nieuwe dimensie aan het onderzoek toevoegde. De samenwerking met Eddy en met zijn 
medewerkster Nadine Buys was van doorslaggevend belang voor het slagen van het 
onderzoek. Woorden zijn moeilijk te vinden voor de uitdrukking van waardering voor de 
snelheid en accuratesse waarmee de zeer vele hormoonbepalingen en bloedgasanalyses 
onder hun leiding werden uitgevoerd en voor de wijze waarop zij inhoud gaven aan 
samenwerking. De discussie met hen over de problematiek was zeer stimulerend. 
Gedurende de eerste fase van het onderzoek had ik zeer veel steun aan de discussie over 
pathologie die ik met Trudy, mijn echtgenote, voerde 's morgens voor mijn vertrek naar het 
werk bij een kopje koffie. Zij verschafte mij het zakwoordenboek der geneeskunde van 
Coëlho en zo werd ik wegwijs in de medische terminologie. Met haar kritische praktische 
reacties behoedde zij mij voor te veel uitweiding in details. Haar uitleg van de term cirrose 
als een vorm van eiwitdenaturatie en fibrinoide degeneratie, dat op zich weer veroorzaakt 
kan worden door een zuurstoftekort in organen, bracht nodige verheldering. 
Wim de Wit was de initiator tot het schrijven van dit proefschrift en mede dankzij zijn steun 
kon het verdere onderzoek uitgevoerd worden. 
Professor van Adrichem was de wegbereider tot toelating voor promotie aan de LU te 
Wageningen. Helaas kon hij door zijn ziekte en daaropvolgend overlijden de resultaten van 
het onderzoek niet meer beoordelen. 
Daarna kwam opnieuw Martin Verstegen in beeld, nu als promotor. Martin, in al die jaren 
dat ik contact met je mocht hebben, heb je een onuitwisbare indruk op mij achtergelaten. 
Naast je grote werkkracht en je objectieve benadering van problemen heb ik je vooral als 
mens leren hoogachten vanwege je positieve benadering van je omgeving. Daan van der 
Heide kwam op het juiste moment in beeld om steun te bieden in de aanpak van onderzoek 
naar de complexe samenhang van fysiologische processen in relatie tot ascites. Daan met 
jou erbij waande ik mij weer bij DSM, dat betekent dat wetenschapsbeoefening weer op de 
eerste plaats kwam. 
In het laatste deel van het onderzoek werden zeer veel factoren tegelijkertijd getoetst in 
omvangrijke proeven met bepalingen van uiteenlopende parameters. Dit was alleen mogelijk 
door de excellente organisatorische kwaliteiten van Cees Kwakernaak, die daarnaast ook de 
resultaten op zijn eigen snelle en efficiënte wijze verwerkte. Cees, jouw komst op "Het 
Spelderholt" is een van die toevallige factoren die in moeilijke tijden van inkrimping en fusie 
een stuk onderzoek heeft gered. Met jou erbij kunnen wij ook onderzoek voortzetten. 
Bedankt voor je voorbeeldige inzet. 
Jan Dirk van der Klis is ook een van die factoren die nodig was om onderzoek te 
continueren. Hoewel niet actief bij ascites onderzoek betrokken, heeft hij op zijn eigen 
manier door hard en efficiënt te werken andere onderdelen van het pluimvee 
voedingsonderzoek waarbij ik betrokken was grandioos gesteund en overeind geholpen. Jan 
Dirk ook bedankt voor het kritisch lezen van het manuscript. 
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Tenslotte nog twee dames. Allereerst een vakvrouw die door de wijze waarop zij haar taak 
vervulde alom op "Het Spelderholt" gerespecteerd werd, Dorien Kleverwal-Velner. Dorien, 
jij hebt niet alleen met veel geduld alles op papier gebracht, jij hebt opgewekt steeds weer 
correcties en veranderingen doorgevoerd in de tekst, jij hebt uiteindelijk de vorm bepaald van 
dit boekje. Mijn grote dank hiervoor. 
Daarnaast wil ik Babs Sedoeboen noemen die met haar verblijdende uitstraling alle andere 
klussen opknapte wat betreft vervaardigen van brieven en rapporten van het overige 
onderzoek dat ook doorgang moest vinden. Babs ook bedankt. 
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ABBREVIATIONS AND SYMBOLS 
A 
AME 
AMEn 
ATP 
BW 
BWG 
cross sectional area of a tube 
apparent metabolizable energy 
AME corrected for nitrogen equilibrium 
adenosine triphosphate 
body weight 
body weight gain 
C0 2 
CP 
Cr203 
DF = RF 
DLM 
DM 
DN 
DP = RP 
DT4 
carbondioxide 
crude protein 
chromic oxide 
deposited fat 
deposited lean body mass (protein + water) 
dry matter 
diet without added T4 
deposited protein 
diet wi th added T4 
AF 
Fl 
FREf 
FREp 
change in free energy 
feed intake 
percentage of retained fat energy in total RE 
percentage of retained protein energy in total RE 
GH growth hormone 
AH 
h 
HB 
HC03 
HFS 
HP 
HP/BWG 
HP/RE 
Ht 
HW 
L 
Let 
LSD 
MEi 
MEm 
0 2 
OXc 
OXc/RP 
change in enthalpie 
hour 
haemoglobin 
bicarbonate 
heart failure syndrome 
heat production 
HP per body weight gain 
HP per retained energy 
haematocrit value 
heart weight 
length or litre 
the lower critical temperature 
least significant difference 
intake of AME 
AME used for maintenance 
oxygen 
oxygen consumption 
OXc per deposited protein 
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AP 
Pa 
Pa02 
Pc 
PC02 
PFR 
po2 
Ppa 
Pv 
Q 
Qa 
R 
r 
Ra 
RE 
RE/MEi 
RF = DF 
RP = DP 
RQ 
rT3 
RV 
RV/TV 
Rv 
S 
so2 
t 
T3 
T4 
Ta 
TEC 
TRH 
TSH 
TAS 
TV 
V 
V 
W * 
wk 
pressure drop across a tube 
arterial blood pressure 
arterial oxygen tension 
capillary hydrostatic pressure 
carbondioxide tension in blood 
protein fat ratio (in deposited tissue) 
oxygen tension in blood 
pulmonary arterial mean 
venous blood pressure 
volume f low of blood 
volume f low of air 
f low resistance 
radius 
pricapillary resistance 
deposited energy in protein and fat 
RE per intake of metabolizable energy 
deposited fat 
deposited protein 
respiratory quotient 
reverse triiodothyronine 
right ventricle mass 
relative weight of the right ventricle 
post capillary resistance 
stock of broiler chickens 
oxygen saturation of blood 
time (days) 
triiodothyronine 
thyroxine 
ambient temperature 
total energy costs for deposition of 1 g of matter 
thyrotropin releasing hormone 
thyroid stimulating hormone 
change in entropy 
total ventrical mass 
velocity of bloodstream 
viscosity 
mean body weight during a period to the power c 
week 
A(X) adaptive response, 
difference between low and high Ta 
yr year 
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Denn eben wo Begriffe fehlen 
da stellt ein Wort zur rechten Zeit sich ein 
Johann W. Goethe, Faust 
In a pioneering phase of developing 
new branches in animal science, like 
physiology of stress and of environmentally 
and genetically induced homeostenosis, 
it becomes clear that concepts are lacking. 
Then only words can be used telling 
that old concepts from physics and biochemistry 
(like principles of conservation of energy, 
of oxidative phosphorylation and of hormonal 
control of metabolism), are available and valid 
to elucidate causes of health problems 
and by which the increase in some metabolic 
disorders inducing stress and illness, in farm animals can be explained. 
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INTRODUCTION 
Chronic hypoxia (a low oxygen tension in the inspired air) at high altitudes affects health of 
men as well as domestic animals such as poultry, cattle and pigs. Cardiopulmonary 
responses of these species to high altitudes included hypoxemia (a low oxygen tension in 
the blood), pulmonary hypertension, right ventricular hypertrophy, heart failure and ascites. 
Ascites in poultry is considered to be a result of heart failure and refers to the accumulation 
of edematous fluid within the abdominal cavity. Ascites is an increase of the amount of 
lymph normally found in the peritoneal spaces. Cueva et al. (1974), Sillau et al. (1980), 
Huchzermeijer (1984) and Maxwell et al. (1989 and 1990) described the etiology of a heart 
failure and ascitic syndrome in young chickens reared at high altitude. The symptoms 
include: generalized edema, ascites, accumulation of fluid in the pericardium 
(hydropericardium, lung edema, hypertrophy and dilation of the heart, specially the right 
ventricle), enlarged liver and kidneys and liver cirrhosis and pale comb. Another symptom 
found is a higher haematocrit value of the blood. If oxygen becomes a limiting factor in 
metabolism, the bird responds by producing more red blood cells. 
In the case of serious illness, when ascites is manifest and palpable, the abdominal fluid 
gurgles when the birds are handled, indicating that an extensive quantity of fluid has 
accumulated. Since approximately 1980 ascites in broiler chickens is also observed at lower 
altitudes even at sea level. 
In The Netherlands ascites, as a cause of mortality in broiler chickens, is increasing steadily. 
This phenomenon is running parallel wi th a faster growth of broilers and, as a result of the 
latter, wi th a higher metabolic rate. An increased metabolic rate means that more oxygen 
is required to produce increased amounts of free energy which are needed to control 
metabolic processes. If in this way oxygen becomes a limiting factor in metabolism of 
animals then even at sea level the same diseases wil l occur as are known under hypoxic 
conditions at high altitudes. Peacock et al. (1989) found a relationship between hypoxemia 
and pulmonary hypertension and right ventricular hypertrophy in fast growing broiler 
chickens under non-hypobaric (normoxic) conditions. They concluded that the rapid growth 
of chickens appeared to act as an important amplifier of this response to hypoxemia. 
Peacock et al. (1990) observed a spontaneous hypoxemia wi th right ventricular hypertrophy 
in very fast growing broiler chickens reared at sea level under normoxic conditions. Reeves 
et al. (1991) found that feed restriction in rapidly growing chickens, reducing growth rate, 
is associated with prompt and substantial improvement in arterial oxygenation. These results 
illuminate the effect of a high metabolic rate, which is related to feed intake and to a fast 
growth, on changes in oxygen contents of the blood. A high metabolic rate requires a fast 
supply of oxygen to the metabolic active tissues. An increased requirement for oxygen in 
anabolic processes in addition to the normal existing oxygen requirement for maintenance 
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processes might exceed the maximum capacity for the supply of oxygen by lungs and blood 
circulation. The result is that oxygen tensions in blood will decrease to critical low levels 
inducing anoxia in different organs. An increase of heart rate and blood f low affecting blood 
pressure and an increased production of red blood cells in such conditions can temporarily 
ameliorate oxygen transport to tissues. But such an imbalance between oxygen requirement 
and capacity for supply at last may lead to an overburdening of lungs and heart, to 
pulmonary hypertension, to hypertrophy of the heart, to polycythemia and to increased 
blood pressure in different regions of the body leading to appearances of edema and ascites. 
There is still another development in poultry husbandry. Modern selection programs in 
breeding of broiler chickens focus on a decrease in feed conversion ratio (FCR) combined 
wi th an increase in growth rate. FCR = feed intake in g per g of body weight gain. 
At a given growth rate FCR can be affected by only three factors in metabolism. 
1. The digestibility of the diet and the excretion of metabolic end products in urine. 
2. The protein-fat ratio in deposited tissue. Protein in contrast to fat contains a considerable 
amount of water. Weight gain as a result of an increase of the deposition of water, 
which is not at the expense of feed intake, will be favourable for a low FCR. 
3. The partitioning of energy between energy retention and heat production in metabolism. 
An increase in the ratio between deposited energy and energy used for maintenance 
(mainly heat production) will decrease FCR. 
The methodology for measuring these factors over an entire growth period of animals is 
described by Scheele and Jansen (1972). 
Depending on which factor is changing by selection of broiler chickens for a lower FCR, this 
can effect oxygen requirement as well as oxygen supply in growing broiler chickens. 
A deposition of protein may have other consequences for the oxygen requirements than a 
deposit ion of fat. In homeothermic animals such as poultry, proteins in tissues are, 
relatively, compared to fats, unstable and are constantly undergoing thermal denaturation. 
In order to renature the proteins they must be completely degraded to amino acids and 
resynthesized. This process takes energy and consequently, oxygen must be supplied 
constantly to maintain the molecular structure of tissues. Deposition of 1 g of lean body 
tissue (protein + water) requires less dietary energy than deposition of 1 g of fat, but during 
a growth period of six weeks 1 gram of lean body mass of chickens requires more oxygen 
for deposition and maintenance than 1 g of deposited fat during the same period (Scheele, 
1993). 
As approximately 60% of the metabolizable energy consumed by broiler chickens is released 
as heat to the environment an important reduction of the FCR could be obtained by a 
reduction of heat production. Heat production is directly dependent on oxygen supply. 
If selection procedures result in secundary effects like a reduction of lung capacity, or a 
decreased oxygenation of the blood, and as the functioning of the heart is impaired, then 
the effect could be that the oxygen supply to metabolism is reduced. In circumstances that 
also growth rate is a factor in the selection procedure, in a way that at least growth rate is 
not reduced, then a limited oxygen supply could have an effect on heat producing processes 
like physical activity but also on regulation of the body temperature. 
A result of such a limited oxygen supply might be that birds are less able to adapt their 
metabolism to changes in the environment like a reduced ambient temperature. An 
environment demanding a higher metabolic activity and heat production, of birds having a 
limited capacity to adapt their metabolism to a changing environment, could have the same 
effects as hypoxic conditions at high altitudes. Selection procedures in which different aims 
are combined such as a faster growth rate together with a reduced feed conversion ratio 
can lead to conflicting effects on energy metabolism. An increased oxygen requirement 
related to a faster growth rate is conflicting wi th a reduced oxygen supply being one of the 
factors related to a decreased FCR. If both effects are present during selection procedures 
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then the chance of the occurrence of metabolic disorders like heart failure and ascites wil l 
be increased. 
Aim of the study 
The aim of this study focused on oxygen as a factor directly affecting the state of health 
of animals, was first to describe a concept explaining which initial conditions in the 
circulatory system and in energy metabolism could be responsible for ascites as the final 
state of pathophysiological processes in air breathing vertebrates. Following conditions and 
parameters related to supply and expenditure of oxygen in animals are mentioned: heart 
hypertrophy especially of the right ventricle, dilation of the heart, hydropericardium, 
pulmonary hypertension, vasoconstriction of pulmonary arterioles, congested and 
edematous lungs, livercirrhosis, haematocrit values and haemoglobin contents in blood, 
thyroid and growth hormone levels in plasma, blood gas parameters such as oxygen tension 
(Po2), carbondioxide tension (Pco2)- oxygen saturation (So2) in blood, HCOj contents and 
lactate-pyruvate ratios in blood, metabolizable energy intake (MEi) and partitioning of 
dietary energy in metabolism, deposition of protein and fat (RP and RF), deposition of 
energy in protein and fat (RE), heat production (HP) and oxygen consumption (OXc), HP per 
body weight gain (HP/BWG) and OXc/RP, energy efficiency for production of protein and 
fat (RE/MEi). The aim of the experiments wi th chickens described in this study was to 
investigate whether differences in some of these conditions between populations of broiler 
chickens could be shown, and to explore whether some of these factors, related to 
pathophysiology in energy metabolism, could be affected differently in several populations 
by changes in the environment. Furthermore, more specifically, different populations of 
chickens, characterized by differences in energy metabolism, were subject of studies in 
experiments. The interest was to find out which factors in metabolism are predisposing to 
heart failure syndrome and ascites. Next, which changes in predisposing factors can be 
related to changes in metabolic characteristics induced by selection procedures and 
environmental factors. Furthermore which predisposing factors could be found to differ 
significantly between different populations of broiler chickens. Research was carried out 
to establish specifically a variation in predisposing factors to ascites between populations 
which are directly and indirectly linked to factors determining feed efficiency and growth 
rate. The significance of unknown correlated responses to experimental treatments in 
respect to production parameters and undesired other traits is discussed. The impact of 
differences in adaptation to a changed environment of energy metabolism and of 
differences in effects of endocrinological controlling systems governing metabolic rate of 
broilers between populations is investigated. 
New hypotheses with respect to the significance of differences in thyroid hormone activity 
between populations of broiler chickens were tested, to explain differences between 
populations in ability to adapt their energy metabolism to a changed environment 
demanding a high rate of oxygen consumption. 
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Flow chart of the ascites syndrome in broilers 
High energetic eff iciency and a 
low feed conversion ratio 
due to 
a low heat production rate 
Reduced oxygen consumption 
due to 
inadequate circulatory and 
hormonal regulating systems 
Decreased responses to changes 
in environment, hypoxemia, anoxia 
Fast growth and high 
metabolism 
Increased oxygen requirement 
Increased cardiac output 
Arterioles in pulmonary 
vasculature wil l respond to 
hypoxemia w i th vaso-
constrict ion for an extra 
recruitment of segments 
in normally not very active 
lung zones 
Increased lung arterial pressure 
Right ventricle hypertrophy 
Inappropriate closure of the right heart valve 
A changed blood pressure pattern in systemic circulation 
Fluid exudation mainly in lung, pericard and liver 
ASCITES 
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Outline of this study 
Chapter 1 describes: 
1. The role of oxygen in energy metabolism of men and animals. 
2. Possible consequences for oxygen requirements of selection for high productivity, in 
terms of energy deposition in protein and fat in domestic animals. 
3. Effects of hypoxia (a low oxygen tension in the inspired air) and hypoxemia (a low 
oxygen tension in blood) on the functioning of organs (heart, lungs), blood circulation 
and effects of changes in energy metabolism including hormonal regulation on the work 
load of the heart. The relationship between a disfunctioning of metabolism and heart 
failure and ascites is described. An explanation is given why chickens provide a 
convenient model to study effects of changes in energy metabolism and energy 
partitioning on spontaneous heart failure syndrome. 
4. The significance of a selection for a low feed conversion ratio in broiler chickens for 
energy partitioning, oxygen expenditure and oxygen supply in metabolism. 
First attention is given to effects of a reduction in energy expenditure for maintenance, 
reducing FCR. Especially the effects on factors related to heart failure and ascites are 
described. The role of thyroid hormones regulating maintenance processes is discussed. 
Second attention is given to the exchange of fat by protein deposition as a result of a 
selection for a low FCR. Effects of such an exchange are different for slow and fast growing 
birds. The impact of selection procedures focused on a low FCR on the occurrence of 
metabolic disorders may depend on growth rate of the birds. Interrelationships between the 
activity of growth hormones and of thyroid hormones affecting maintenance requirements 
and deposition of body fat are discussed. 
Chapter 2 describes an energy balance experiment comparing two different but genetically 
related stocks of broiler chickens wi th divergent growth rates and feed conversion ratios. 
The objective of the research was to study effects of different environmental factors, which 
all could stimulate metabolic rate and oxygen consumption, on susceptibility for ascites and 
on factors which are related to heart failure and ascites as described in chapter 1. Dissimilar 
responses of the populations, differing in growth rate and FCR, to the stimulating factors 
reflect genotype by environment interactions and reveal which factors will be relevant in 
causing metabolic disorders related to ascites. 
Chapter 3 describes effects of ambient temperature, dietary energy content and dietary 
levels of unsaturated fat on plasma thyroid and growth hormone concentrations, and on 
energy metabolism in two broiler stocks differing in growth rate, feed conversion ratio, and 
susceptibility for ascites. 
High dietary contents of polyunsaturated fatty acids may inhibit the extra-thyroidal 
conversion of thyroxine (T4) to triiodothyronine (T3) resulting in an increased production of 
reverse triiodothyronine (rT3). Differences in plasma contents in T4, T3 and rT3 as affected 
by environmental factors between the stocks are discussed in relation to their significance 
in explaining a different susceptibility for heart failure syndrome and ascites. Relationships 
between thyroid hormone and growth hormone (GH) concentrations in plasma as found in 
particular combinations of experimental factors in this study together with changes in fat 
deposition are discussed within the context of published concepts about effects of T3 on 
lipogenesis and of GH on lipolysis. 
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Chapter 4 describes a growth and energy balance experiment with three different stocks of 
broiler chickens all selected for a low feed conversion ratio (FCR) but differing in FCR and 
growth rate. 
Adaptive responses to low ambient temperature compared wi th a high ambient temperature 
are discussed with respect to metabolizable energy intake, oxygen consumption, indicators 
for susceptibility for ascites and thyroid hormone concentrations in plasma. 
Chapter 5. In this chapter an experiment is described in which exogenous thyroxine added 
to the diets is supplied to three broiler populations all selected for a low FCR differing in 
growth rate and energetic efficiency and differing in susceptibility for ascites. The aim of 
the experiment was to study the effects of exogenous thyroxine supplementation on 
adaptive responses of chickens exposed to a low ambient temperature demanding a high 
oxygen consumption rate, compared to chickens exposed to a normal ambient temperature. 
Chapter 6 describes an experiment with 5 different stocks differing in FCR growth rate, and 
in susceptibility for ascites reared at a low ambient temperature. In this experiment results 
from energy metabolism are related to oxygen and carbondioxide tensions in blood samples. 
The aim was to find a further sustainment for the hypothesis that environmental factors 
stimulating metabolic rate will lead to hypoxemia. Hypoxemia was expected to be more 
pronounced in stocks exhibiting low values for heat production (HP) per gram of body 
weight gain and low values for oxygen consumption (OXc) per gram of deposited protein. 
Theoretically low values for HP and OXc might be found in populations characterized by a 
low feed conversion ratio combined with a fast growth. 
Chapter 7. General discussion. 
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CHAPTER 1 
ETIOLOGY OF IMBALANCE BETWEEN SUPPLY 
AND REQUIREMENT OF OXYGEN 
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The oneness of all life means 
that the same stream of life energy 
runs through all the veins of the universe. 
It is this stream which binds all life together 
making them one, 
each being governed by its own particular laws 
which it must obey. 
So while there are higher forms of life in other worlds 
and human life is the highest form on this planet, 
mineral life, plant life, animal life, human life 
and other world life are one in their essence. 
A realization of this Oneness should do 
much to eliminate discrimination, 
especially against colour, race and caste. 
From "Essentials and Symbols of the Buddhist Faith" 
by E.K. Shinkaku Hunt 
This also should do much to eliminate 
all kinds of cruelty (direct or indirect), 
against our farm animals and to reduce maltreatment 
of our surrounding nature. 
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OXYGEN AN ESSENTIAL FACTOR IN LIFE 
The air-breathing animals (primarily vertebrates and insects) satisfy their energy 
requirements by oxidation of food materials. 
The requirement of oxygen of these animals is dependent on intake, partitioning and 
expenditure of energy. Familiarity with the basic concepts of animal energetics should 
therefore be an essential preparation, studying diseases related to oxygen as a limiting 
factor in metabolism. 
Living organisms are characterized by a highly ordered state and thus by low entropy values 
of the biomass relative to the non living environment. During growth and reproduction, if 
we exclude the nutritional supply, even an increase of non equilibrium - compared wi th the 
environment - is shown. The increase of non equilibrium is the result of a further decrease 
of entropy within the limitation of the system of the living organism. According to the 
second law of thermodynamics, systems are running to an equilibrium wi th their 
surroundings and to maximal values of entropy. Thus the involved physical and chemical 
processes tend to increase the disorder or randomness of those systems. Therefore living 
systems are continuously decomposed and degraded in orderness. For all higher animals this 
means that complex organic molecules both from own organism and from external 
nutritional sources are broken down and combusted wi th oxygen to carbondioxide and 
water. During degradation the molecules undergo a loss of free energy, which is useful 
energy capable of doing work at constant temperature and pressure. An increase of 
orderness and a decrease of entropy in the living system, which is against the direction 
dictated by physical law, only can be obtained by a continuous supply of utilizable amounts 
of free energy coming from the outside of the system. 
The free energy produced in the breakdown of biomass can be stored by oxidative 
phosphorylation as chemical energy in the pyrophosphate bonds of adenosine triphosphate 
(ATP). 
In the words of Krebs and Kronberg (1957) "The first major stage, then, of the energy 
transformations in living matter culminates in the synthesis of pyrophosphate bonds of ATP, 
at the expense of the free energy of the degradation of foodstuffs". The transformation of 
the potential chemical energy of biomass to a utilizable form for animals occurs in three 
phases. In the first phase, digestive enzymes hydrolyse the macromolecules down to their 
monomeric constituents. In the second phase, the released monomers are partially oxidized 
to one of three substances; acetic acid in the form of acetyl coenzyme A, a-ketoglutarate, 
and oxaloacetate. These three compounds all participate in the tricarboxylic acid cycle and 
so funnel into a common reaction pathway. In a complete cycle the material is further 
oxidized to two carbondioxide molecules and four pairs of hydrogen atoms, which are 
subsequently oxidized by oxygen with a concomitant release of energy. This last process 
of oxidative phosphorylation leads to the production of ATP. Under standard conditions, 
assuming equilibrium, an overall efficiency of 3 9 % of energy recovery in ATP from the 
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complete oxidation of glucose to carbondioxide and water via the glycolytic sequence and 
the tricarboxylic acid cycle is given by Lehninger (1970). The same author calculated about 
40 percent of the standard free energy of oxidation of palmitic acid to be recovered as 
phosphatebond energy. Unsaturated fatty acids require additional enzymatic steps in order 
to shift their double bonds into the proper position for the hydration step and to yield the 
L-stereoisomer of the ß-hydroxy intermediate. The efficiency of energy recovery in ATP from 
oxidation of unsaturated fatty acids therefore will be somewhat less compared wi th glucose. 
The high-energy phosphate bonds of ATP are used in coupled reactions for carrying out 
energy-requiring functions. The work energy delivered by ATP can be distinguished by 
mechanical and transport work, which will be transferred indirectly to heat, and by 
biosynthetic work, which will be stored in synthesized molecules. 
Again under standard conditions (Lehninger, 1970) about 6 0 % of the free energy which is 
produced during degradation of molecules would be directly transferred to heat, which 
cannot be used for work, but which can be used to maintain homeothermy in animals. Heat 
together wi th carbondioxide and water is released to the environment. Also part of the 
biosynthetic work that is used to synthesise urea or uric acid as a result of degradation of 
amino acids is released together with these products to the environment. Oxidative 
phosphorylation, delivering the work energy needed to synthesise to resynthesise and to 
restore complex organic matter and the accompanying heat of combustion requires a 
continuous supply of oxygen in these living systems. 
As an ultimate consequence of the second law of thermodynamics it can be stated that: 
Living organisms create and maintain their essential orderliness at the expense of their 
environment, which they cause to become more disordered and random. For all higher 
animals it means that creating and maintaining orderliness, by using oxidation-reduction 
reactions as the source of energy, is totally dependent on the supply of molecular oxygen 
as the ultimate acceptor of electrons from their organic electron donors. In respect of the 
importance of just maintaining orderliness, attention have to be paid to the macromolecules 
in the tissues of animals. A part of these macromolecules, having relatively low entropy 
values, exhibit high turnover rates and require considerable amounts of work energy and 
thus oxygen for restoration and re-synthesis during steady state. 
The body temperature is an example, illustrating this point, of a factor that affects the 
oxygen requirement, to restore the system to its proper state. 
Macromolecules are constantly undergoing thermal denaturation which directly leads to a 
complete turnover of the molecules. This process is concomitant with a degradation and 
denaturation caused by enzymes liberating energy from these molecules, and caused by 
effects of energetic processes (work), in which proteins are involved, and which are related 
to the rate of activity of tissues. Among the quantitatively most plentiful macromolecules, 
proteins in contrast to fats appear to be most sensitive to thermal effects. Kauzmann (1959) 
has defined protein denaturation as "a process (or sequence of processes) in which the 
spatial arrangements of the polypeptide chains within the molecule is changed from that 
typical of the native protein to a more disordered arrangement". A denatured protein must 
be completely degraded by proteolytic enzymes to amino acids by the organism. This 
constant breakdown of proteins leads to substantial amino acid turnover in animals. 
According to White et al. (1964) adult man exhibit a protein turnover of about 8% per day. 
By far the greatest part of this protein turnover results from protein denaturation; to a 
smaller degree cell death and autolysis by proteolytic enzymes also contribute to the 
turnover. 
It is noteworthy that when native proteins are denatured, there is a large increase in 
entropy. Thermodynamic quantities for reversible denaturation of a globulin are given by 
Bray and White (1957). These values are: a change in free energy (AF) of 465.7 kJ/mol, a 
change in enthalpy or heat (AH) of 239.7 kJ/mol, and change in entropy (TAS) of 226 
kJ/mol (27°C), AF = AH + TAS. 
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The reversed process of denaturation can be regarded as the last stage in building up the 
native protein from its constituent amino acids in the course of growth or restoration. In 
order to do this, 465.7 k j /mol of free energy must be supplied. Much of this energy, 226 
k j /mol , comes out again as heat; that is, in a form in which it cannot be put to further use, 
and only 239.7 kJ/mol remains in the protein. This illustrates the free energy costs of 
building up highly ordered molecules during growth, and specially during the continuous 
breakdown and resynthesis of these molecules, which is stimulated by the relative high 
temperatures in homeothermic animals. 
Morowitz (1968) calculated thermal denaturation of average protein (biomass) in aqueous 
solution as a function of temperature as the amount that has to be replaced by new 
synthesized protein. The total amount that had to be replaced at 37°C due to just thermal 
denaturation as an important factor in protein denaturation and thus in protein turnover was 
1 , 1 % in 24 hours. Also values at higher temperatures were calculated. If the amount 
replaced at 37°C is equal to 1 than the amount replaced at 40°C = 4 . 1 , at 48°C this will 
be 108 and at 50°C the value of 217 is reached. 
The exponential character of this type of curve makes it clear that at increasing internal 
temperatures there must be a sharp cutoff in the temperature at which organisms 
homeostat. There are thermophilic organisms, such as a number of microbial species, which 
appear to grow at temperatures up to 65°C. These organisms replicate at such a rapid rate 
that the 24-hour replacement might not be a problem. 
In animals the body temperature is an important stimulant in activating protein turnover to 
replace denaturated tissue protein in organs and muscles. Even at an environmental 
temperature (Ta) of more than 20°C lower than their body temperature, the lower critical 
temperature, these animals demonstrate a regulation of heat production, heat loss, and 
oxygen consumption which is independent of that Ta but which is governed by the 
requirements of free energy for metabolic work in maintenance processes. 
Increasing the body temperature in animals means that the portion of heat and oxygen 
related to protein denaturation and protein turnover in total heat production and oxygen 
consumption will increase progressively. Birds having a body temperature of 40°C, therefore 
need substantial more oxygen for maintenance of tissue proteins than mammals at 37°C. 
Within the thermoneutral zone, the heat production of animals fed at maintenance level (this 
means that metabolic processes exhibit a low level of activity) is constant and independent 
of the environmental temperature. The lower border of the zone of thermoneutrality is called 
the lower critical temperature (Let). Below the Let heat production increases, because at 
those low temperatures the animal does not have the possibility to keep heat loss constant. 
Van Es et al. (1973) reported that each combination of feeding, production and activity level 
has its own thermoneutral zone, suggesting that a higher level of production is consonant 
wi th a lower Let. Scheele et al. (1987) showed that especially protein accretion in broiler 
chickens could be increased at environmental temperatures distinctly below the Let as 
defined for animals fed at maintenance level (energy balance = 0, this means that no 
energy is stored). In these experiments wi th chickens, exhibiting a high level of production 
(a fast deposition of energy), the low Let belonging to it was distinctly lower than the Let 
defined at maintenance level. The low Let was more than 20°C below the internal body 
temperature of 40°C. The results suggested that at higher environmental temperatures 
above the low Let, defined at a high level of production, the amount of heat production 
related to protein accretion and to maintenance of the active and increasing amount of 
protein in growing chickens, was of such an importance that heat loss was the limiting 
factor for synthesis of tissue protein. 
The description of those non equilibrium steady state systems in animals requires the 
consideration of different f lows from external sources through the system to the 
environment. Flows of matter and of chemical energy are orally consumed and absorbed by 
the intestinal wall before entering the bloodstream in the portal vein. A f low of oxygen 
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required for the oxidation-reduction reactions is inspired by the lungs and enters the 
bloodstream in the pulmonary circulation. The knowledge that there is a necessity for a 
periodical intake of nutrients (chemical energy) for men and animals is as old as mankind. 
The knowledge that a continuous intake of oxygen is needed for the same creatures is only 
present for approximately two centuries. 
Scheele (1771) showed that oxygen was obtained by heating braunstein (Mn02) wi th 
concentrated H2S04, he named it "vitriol air" in which "fire burned brightly" and 
distinguished it from ordinary air by quantitative combustion experiments. Grimaux (1890) 
discovered in Lavoisier's papers a letter from Scheele to Lavoisier written in 1774 in which 
Scheele tells Lavoisier about his experiments, and suggests that Lavoisier conduct one of 
them himself: if silver carbonate is heated wi th a burning glass in a bell jar, then a new sort 
of gas wil l be given of, which will make a candle burn brightly and can be breathed by 
animals. A review about the discovery of oxygen by Scheele, two centuries ago, is 
published by Cassebaum and Schufle (1975). 
Scheele (1777) reported about his experiments in respiratory physiology, showing how 
different small creatures, such as flies, bees and butterflies, needed oxygen in order to 
breathe and to survive. 
After the discovery of oxygen generally the attention of the following generations of 
biologists was more focused on the production of heat as result of oxygenation of the blood 
than on the flow of oxygen through a living system per se. Growing farm animals generally 
exhibit a fast accretion of protein in concert wi th high energetic costs for maintenance 
which belong to deposition of protein. Therefore, especially metabolism in these animals 
requires a quick supply and transport of considerable amounts of oxygen to metabolically 
active tissues. 
Describing animal production, little attention has been paid to effects of differences in 
energy partitioning patterns on oxygen requirements and on provoking disturbances in 
oxygen flow through the body. Such disturbances may result in disorders in the functioning 
of organs like the occurrence of right ventricular hypertrophy, which is the best known 
symptom of a decreased oxygen supply (Tucker et al., 1975). 
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Ought we, for instance, 
to begin by discussing each separate species 
- man, lion, ox, and the like -
taking each kind in hand independently of the rest, 
or ought we rather to deal first with the attributes 
which they have in common 
in virtue of some common element of their nature, 
and proceed from this as a basis 
for the consideration of them separately? 
Artistoteles, in "De Partibus Animalium" 
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CONSUMPTION AND REQUIREMENTS OF OXYGEN IN DOMESTICATED ANIMALS 
Domestication of animals generally was accompanied with a selection for specific purposes. 
As far as selection affected energy metabolism this also will have affected oxygen 
consumption, and/or oxygen requirements of these animals. An increase in oxygen 
requirements as a result of an achievement of a special production purpose in farm animals 
should be accompanied by an increased supply and transport of oxygen in the circulatory 
system. An inadequate functioning of energy metabolism will be the result if amounts of 
oxygen which are required for homeostasis (including physical activity if acting as a 
responding mechanism to environmental changes) do not correspond in quantity to oxygen 
delivery by the circulatory system to tissues, a phenomenon which is called imbalance 
between requirement and supply of oxygen. 
Domestic animals like cattle, pigs and poultry are selected for an increased production of 
protein in milk, meat, and eggs and on less production of fat. Energy costs of synthesis and 
maintenance of deposited protein are considerably higher than those of fat deposition 
(Scheele et al., 1985) This means that changes in partitioning of energy over metabolic 
pathways will have definite effects on the demand for oxygen. In less ventilated animal 
houses and cages or at high altitude, in mountain areas, oxygen might become a limiting 
factor for health and production of these animals. A high metabolic oxygen requirement 
together wi th decreased oxygen pressure in the airways of animals (hypoxia) can lead to 
less oxygen saturation of the blood (hypoxemia) and to oxygen deficit in tissues (anoxia) in 
several organs. An imbalance between oxygen supply and oxygen requirement might in turn 
also alter energy partitioning and metabolism by reducing oxygen demanding processes like 
physical activity of animals. Also hormonal systems, such as thyroid hormones, initiating 
and stimulating oxidative phosphorylation (Sterling et al., 1977), and regulating metabolic 
rate and physical activity might be changed. The hormone erythropoietin will be activated 
and will stimulate the production of red blood cells which are essential for the transport of 
oxygen. On the other hand increased erythropoesis leading to a high density of red blood 
cells (high haematocrit values) means an increased viscosity of the blood and might 
contribute to an increased workload of the heart, which may lead to heart insufficiency. 
A lowering in the production of thyroid hormones also might affect health (a decreased heat 
production and an inefficient homeothermic regulation) and might induce an inefficient 
reaction to stressors leading to homeostenosis. Most studies on effects of a reduced oxygen 
supply on metabolism and on related diseases in men and animals have been carried out at 
high altitude locations or in simulated high altitude environments. In men and animals 
generally a reduced oxygen supply appeared to result in an increased workload of the heart 
and in right ventricular hypertrophy. Tucker et al. (1975) studied interspecies variations in 
the development of right ventricular hypertrophy by exposing seven species (immature 
calves, pigs and sheep and adult rats, rabbits, guinea pigs, and dogs) to a simulated altitude 
of 4500 m. The young fast growing (a high rate of protein synthesis) calves and pigs 
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showed a high degree of right ventricular hypertrophy. Young sheep and the adult animals 
exhibited much less hypertrophy of the right ventricle. 
Altland (1961) found that the altitude tolerance of young chickens was much less than that 
of young pigeons. He reported that the altitude tolerance of domesticated chickens (having 
a high potency for protein deposition), appeared to be much lower than other small warm-
blooded animals such as rats, dogs, ducks and pigeons. Butler (1970) found that pigeons 
and ducks could maintain control of a normal functioning (without tachycardia) of their 
cardiovascular system at a much lower environmental oxygen concentration and at a much 
lower arterial oxygen pressure than domestic chickens. 
Differences in synthesis and maintenance of proteins in lean tissue and thus in oxygen 
requirements might at least partly explain differences in hypoxic resistance between males 
and females. Males generally synthesize more protein for their muscles and exhibit a higher 
metabolic rate than females. In humans, the incidence of chronic mountain sickness, a 
disease characterized by right ventricular hypertrophy, polycythemia and pulmonary arterial 
hypertension is greater in men than in women (Arias-Stella, 1971 ; Penaloza et al., 1971). 
Blake (1968) reported that the incidence of heart insufficiency in cattle at high altitude is 
greater in males than in females. Burton et al. (1968) showed that at high altitude adult 
male chickens had a more marked pulmonary hypertension and right ventricular hypertrophy 
than adult female chickens. Differences in right heart insufficiency between sexes in 
immature chickens at high altitude were found by Sillau et al. (1980). In those young 
chickens no differences were found between males and females in pulmonary arterial 
pressure or in polycythemia affecting the workload of the heart. Factors such as a high heart 
rate and an increased cardiac output to meet increased oxygen requirements of tissues 
related to a higher rate of protein synthesis could have caused the much higher incidence 
of heart failure in the male chickens. 
McMurtry et al. (1973) reported that in pigs exposed to 5490 metres the degree of right 
ventricular hypertrophy was greater in males than in females. The arterial and mixed venous 
blood of female pigs had higher oxygen and lower carbondioxide tensions than that of male 
pigs suggesting that the males used up more oxygen. In experiments of Moore et al. (1 978) 
castrated male rats treated with different sex hormones showed differences in the degree 
of right ventricular hypertrophy when exposed to high altitude; testosterone treatment, 
affect ing protein synthesis in muscles positively, distinctly increased right ventricular 
hypertrophy. In the same experiments, treatments with female hormones, progesterone and 
estrogen, having no specific anabolic effects did not increase right ventricles relative to the 
results of the controls. 
Different populations within species with differences in growth rate and protein accretion 
also showed different values for right ventricular hypertrohpy. Peacock et al. (1989; 1990), 
Mirsalimi et al. (1993) showed that fast growing chickens developed higher degrees of right 
ventricular hypertrophy at high and low altitudes in comparison with slower growing 
chickens. Scheele and Frankenhuis (1989) studied populations of chickens differing in 
growth rate. The population with the highest growth rate demonstrated more heart failure 
and ascites than the population with a slower growth rate. This effect was shown at a low 
ambient temperature, demanding a high metabolic rate. 
These different experimental results suggest that domesticated animals (cattle, pigs and 
poultry) selected for fast growth rate and for a high rate of protein synthesis, requiring more 
oxygen consumption, are more susceptible to a reduced oxygen supply than animals which 
were not selected for a high growth rate or a high production rate of protein. 
Through purposive selection domestic animals show a continuously increased production 
of primarily protein, but there might be unknown correlated responses in other traits to such 
selection. Grover et al. (1983) reported that some sea-level cattle exposed to high altitude 
were very susceptible to the development of severe pulmonary hypertension leading to right 
heart failure. But others, showing the same production characteristics, were relatively 
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resistant and exhibited only a modest rise in pulmonary arterial pressure. The offspring of 
these resistant cattle, even born at low altitude were also resistant. The offspring of cattle 
that were susceptible to hypoxia were themselves also susceptible. Thus, the quality to be 
either susceptible or resistant to development of hypoxic pulmonary hypertension can be 
genetically transmitted. Therefore selection might be an important factor in explaining the 
susceptibility of domesticated animals to a reduced supply of oxygen. Consequently 
selection could be used to reduce the incidence of diseases caused by a low level of oxygen 
consumption relative to the oxygen requirements of domestic animals. 
Inter-relationships between levels of oxygen consumption and production characteristics in 
selection experiments were demonstrated by Stewart et al. (1980) and Stewart and Muir 
(1982) w i th different populations of chickens. Selection for a low level of oxygen 
consumption resulted in a significantly lower feed conversion ratio and in a faster growing 
and leaner bird. Less dietary energy (present in carbohydrates, fat and protein) was released 
as heat to the environment. 
A faster growth and a higher rate of protein synthesis in those chickens could not have 
reduced the oxygen requirements per unit of t ime, for these purposes. Consequently the 
intensity of other processes requiring oxygen supply like physical activity must have been 
diminished. The question arises whether these reductions in oxygen requiring processes like 
physical activity were harmless or were caused by pathological changes in the breathing and 
circulatory system inducing hypoxia and hypoxemia. 
Frankenhuis et al. (1989) pointed at possible relationships between a contineously increasing 
production level in live-stock breeding and appearances of particular pathological changes 
in poultry and pigs. They discussed health and welfare of these farm animals as affected 
negatively by developments in intensive animal husbandry. 
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Vital mechanisms have one objective, 
preserving constant the internal environment 
Claude Bernard 
Leçons sur les phénomènes de la vie 
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ACUTE AND CHRONIC HYPOXIA AFFECTING BLOOD PRESSURE IN THE PULMONARY 
ARTERIOLES 
Animals can respond to a reduced oxygen supply in the inspired air by an extra recruitment 
of previously unperfused capillary segments in normally not very active lung zones. 
Gravity is an example that influences the pattern of perfusion of the lung through its effects 
on the hydrostatic pressures within the pulmonary vasculature. During hypoxia a 
redistribution of pulmonary blood flow toward upper lung zones can be caused by 
vasoconstriction of the precapillary vessels in middle and lower lung regions. The 
significance of pulmonary vasoconstriction varies from a homeostatic reduction of 
hypoxemia to a pathophysiological increase in vascular resistance and increase of workload 
of the right ventricle of the heart. 
Although the lung circulation is a low-pressure system differences in resistance to f low in 
different parts of lung can be noted. The blood flows from the right ventricle with a systolic 
pressure of about 3.6 kPa (in chickens) to the left ventricle with a diastolic pressure of 0 
kPa, the greatest pressure drop occurs across the arterioles. Since the total f low is the same 
through the various series components of the circulatory system, it fol lows that the greatest 
resistance to f low resides in the arterioles. 
Although the total cross-sectional area of the arterioles exceeds that of the large arteries as 
each artery is branched in several arterioles, yet the resistance to f low through the arterioles 
exceeds that through the large arteries. The f low drop across the pulmonary artery of a 
chicken is not more than about .003 kPa (Sturkie, 1986). In men wi th a systolic pressure 
in the right ventricle comparable to that of chickens (3.3 kPa) the pressure after the 
pulmonary arterioles is decreased to values of approximately 1.3 kPa (Grégoire, 1990). An 
example can elucidate this distinct pressure drop in arterioles. When four narrow tubes, each 
of an area An, are connected in parallel, the total cross-sectional area equals the area Aw , 
of a wide tube of area such that, 
Aw = AAn, or An = Aw IA (equation 1) 
According to the physical law of Poiseuille the f low resistance in a tube, R, is inversely 
proportional to the fourth power of the radius, r, (R = k/r*) and since A = nr2 for cylindrical 
tubes this means that r4 is proportional to A2, therefore it fol lows that, 
R = klA2 (equation 2) 
The proportionality constant, k, is related to tube length and fluid viscosity, both of which 
will be held constant in the example under consideration. 
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From equation 1, the resistances of the wide tube, Rw, and a single narrow tube, Rn, are 
Rw = klAw2 {equation 3) 
Rn = klAn2 {equation 4) 
Again from Poiseuille's law it is known that the resistance in a tube 
R - ^ 
Q 
where: 
AP = the pressure drop across the entire tube 
Q = the f low of fluid through the tube 
For four tubes in parallel the inflow and outf low pressures are the same for all tubes. Under 
steady-state conditions the total f low, Qt through the system equals the sum of the f lows 
through the individual parallel elements 
Qt = Ql + Q2 + Q3 + Q4 {equation 5) 
Because the pressure drop AP is identical for all parallel elements, each term in equation 5 
can be divided by that pressure drop AP to yield following equation 
Qt Ql Q2 Q3 Q4 ,
 t. , , 
-S— = ^— + -S— + ^— + -^ — {equation 6) 
AP AP AP AP AP 
From the definition of resistance, R, equation 6 can be wri t ten as fol lows 
_L=_L + _L + _L + _L 
Rt Rl R2 R3 R4 
In the case that all four tubes are completely equal this means that 
Rt Rn Rn Rn Rn Rn 
Substituting the value of Rn in equation 4, 
MRt = AAn2lk 
Rearranging, 
Rt = klAAn2 {equation 7) 
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From equation 1, 
An2 = Aw2/16 or Aw2 = 16 An2 {equation 8) 
From equation 3, 8, and 7 
Rw = klAw2 = kl\6An2 
4Rw = k/AAn2 = Rt 
or 
Rt = ARw {equation 9) 
Hence the resistance of four such tubes in parallel is four times as great as that of a single 
tube of equal total cross-sectional area. 
If a similar calculation is made for eight such tubes in parallel, wi th each tube having one 
fourth the cross-sectional area of the single wide tube, it will be found that the total 
resistance will equal 2Rw. In this circumstance the resistance to f low through eight such 
narrow tubes in parallel will be twice as great as that through the single tube, despite the 
fact that the total cross-sectional area for the eight narrow tubes is twice as great as for the 
single wide tube. 
It wi l l be found that sixteen such narrow tubes in parallel now wi th four times the total 
cross-sectional area of the single wide tube, will exert a resistance to f low just equal to the 
resistance through the wide tube. Comparing large arteries with arterioles it appears that 
especially the mean radius of arterioles is approximately 100 to 1000 times smaller than 
that of an artery. This means that total surface area of the arterioles in comparison with 
large arteries is markedly increased. The small radius is not compensated by a sufficient 
number of arterioles. 
Comparing large arteries and arterioles this might be analogous to the situation for the 
arterioles and capillaries. The resistance to f low through a single capillary is much greater 
than that through a single arteriole. But the radius of a capillary is only approximately 10 
t imes smaller than that of mean arteriole. Even more important is that the number of 
capillaries so greatly exceeds the number of arterioles, as reflected by the impressing 
difference in total cross-sectional areas, that the pressure drop across the arterioles is still 
considerably greater than the pressure drop across the capillaries. Illustrative for the relative 
high total cross sectional area of the pulmonary capillaries within the two lungs of the 
chickens is the large capillary blood volume. Approximately 50% of the blood in the chicken 
lung resides in the pulmonary capillaries at any one time (Sturkie, 1986). 
In a 20 kg dog (Milnor, 1982) the total cross-sectional area of the pulmonary arteries and 
arterioles is 137 cm2 but that of the pulmonary capillaries is 10 fold (1357 cm 2) and that 
of the venules and veins is 210 cm2 . 
The resistance against f low is also greater in the arterioles than in venules and veins. The 
conclusion from these figures is that the main workload of the right ventricle is caused by 
the large resistance offered by the pulmonary arterioles which is reflected by the 
considerable fall in pressure from arterioles to capillaries. 
Another significance of large quantities of capillaries relative to the number of arterioles is 
that , in a situation at rest in concert wi th a low metabolic rate, parts of the capillary 
network will be out of use. 
Capen et al. (1982) showed that under normoxic conditions (normal oxygen tension in 
inspired air) and at a low metabolic rate in the upper lung of dogs the majority of the 
capillary network is not used for transport of blood and lies in reserve. 
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Under conditions wi th a reduced oxygen supply or with an increased need for oxygen this 
situation will change. Recruitment of previously unperfused capillary segments in the upper 
lung zones increases the surface area for gas exchange and keeps capillary pressure and red 
cell velocity low. 
In these considerations it is assumed that the velocity of the blood stream (cm/s) in the 
arterioles will not change. This means that the total cross-sectional area of the arterioles 
also will not have changed after vasoconstriction of a part of the arterioles. The velocity (V), 
the f low (Q) and the cross-sectional area (A), are related by the equation V = Q/A. The 
reduction of the cross-sectional area of the constricted area is compensated by an increased 
number of arterioles in other areas of the lung which now will perfuse previously unused 
capillary segments. In this case considerations about an increased f low resistance as 
expressed by equation 9, under conditions of a constant cross-sectional area, are valid. 
Efficient gas exchange in the lung depends upon the uniformity of ventilation-perfusion 
ratios. Distinct regional differences in ratios of ventilation and blood f low, even in normal 
lungs, are largely gravity dependent. Gravity influences the pattern of perfusion of the lung 
through its effects on the hydrostatic pressures within the pulmonary vasculature (West et 
al., 1964). 
Dugard and Naimark (1967) found in spontaneously breathing dogs, in normoxic conditions, 
that the relative regional pulmonary blood f low (% Q) per unit of regional air f low (% Qa) 
increased from 0.20 at the top of the lung to 1.60 at the bottom of the lung. 
Under hypoxic conditions these differences in ventilation-perfusion ratios changed markedly. 
Approximate values for % Q/% Qa during hypoxia were 0.85 at the top and 1.10 at the 
bottom of the lungs. During hypoxia the upper zones of the lungs received relatively more 
perfusion and the lower zones less perfusion than in the control state. 
An increased oxygen requirement, during exercise in man, also caused a redistribution of 
pulmonary blood f low and capillary recruitment (Shepard et al., 1958; Johnson et al., 
1960). 
Hansen et al. (1983) found in lambs that during hypoxia redistribution of pulmonary blood 
f low toward the upper lung was caused by vasoconstriction of the precapillary vessels in 
middle and lower lung regions. 
Considerable data including that from direct measurement of vessels in vitro (Madden et al., 
1985) as well as from studies in vivo (Orchard et al., 1983) have shown that the small 
precapillary arteries (arterioles) are responding to hypoxia. Constriction of the pulmonary 
blood vessels in response to hypoxia was first demonstrated by Von Euler and Liljestrand 
(1946). They suggested that the constriction of blood vessels in hypoxic regions of the lung 
and the subsequent diversion of blood f low away from such regions of the lung, could be 
a mechanism which tended to minimize the fall in arterial oxygen tension. Kato and Staub 
(1966) showed with histologic techniques that arterioles of the terminal respiratory units 
constrict in the hypoxic lung region. These findings has been supplemented by Nagasaka 
et al. (1984), by direct micropuncture techniques, showing that the main site of hypoxic 
vasoconstriction is in the pulmonary arterioles. They also showed a large effect of the 
reduction of the total cross-sectional area of just the pulmonary arterioles on the pressure 
profile through the pulmonary circulation. Capen and Wagner (1982) reported that the 
increased pressure of redistributed blood caused recruitment of capillary network in the top 
of the lung and they demonstrated increased capillary perfusion of this region of the lung. 
Kuriyama et al. (1984) found increased perfusion of apical lung parts during hypoxia. 
Orchard et al. (1983) established a distinct relationship between the arterial oxygen pressure 
and the degree of f low diversion. Most of these studies were carried out with mammals. 
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But also in bullfrogs, Koyama and Harimoto (1983) observed that especially small pulmonary 
arteries and arterioles constricted in response to local hypoxia in nearby parts of the lung. 
In birds the percentage of blood volume in the pulmonary capillary bed from total blood 
volume in pulmonary circulation is even higher than in mammals (approximately 50%). Thus 
also in birds a change in total cross-sectional area of a part of the capillary bed will be much 
less effective in redistributing blood f low than a change in the internal diameters of small 
arteries and arterioles, having a relative low total cross-sectional area. Also the 
comparatively rigid character of the avian lung would predispose to changes in precapillary 
vessels (arterioles) rather than in the static network of capillaries itself. 
It has been demonstrated that chronic high altitude exposure produces increases in the 
thickness of the media of the small pulmonary arterioles in men (Arias-Stella and Saldaha, 
1963), cattle (Alexander, 1962) and rats (Smith et al., 1973). Silau and Montalvo (1982) 
found that male chickens exposed to chronic hypoxia showed greater values for the relative 
thickness of the media in the pulmonary arterioles than those of male chickens raised at sea 
level. These authors suggested that the relative high degree of muscularization of the 
pulmonary arterioles in chickens provides these animals wi th a significant potential for 
vasoconstriction. Besch and Kadono (1977) showed in chickens that acute hypoxia resulting 
from exposure to low oxygen concentrations increased pulmonary artery pressure in 
chickens without a concomitant significant change in cardiac output. Their results indicated 
that the increased blood pressure might have been induced by a sudden reduction in the 
total cross sectional area of a part of the pulmonary circulation. Furthermore, Scheid and 
Holle (1978) and Holle et al. (1978) clearly demonstrated that in the duck ventilation of one 
lung with a low oxygen mixture causes a redistribution of blood f low resulting in a reduced 
perfusion of the hypoxic lungs and in an increased perfusion of the normoxic lungs. In their 
experiments it was shown that hypoxia exerted a vasoconstriction in the lung of the birds 
providing a potential mechanism for changing the blood f low pattern at the costs of an 
increased workload of the right ventricle. 
In many species tested hypoxia has elicited pulmonary vasoconstriction. The magnitude of 
the response however has varied with species, age, and sex. The vigor of the response can 
be attributed to the muscle mass in the pulmonary small arteries and arterioles: "the thicker 
vessel walls of calves and pigs can generate more of pulmonary pressor response than the 
sparser muscles of the hamster" (Tucker et al., 1975). 
The significance of pulmonary vasoconstriction varies from a homeostatic reduction of 
hypoxemia by an increase of the surface area for gas exchange and by an improvement of 
matching perfusion to ventilation to a pathophysiological increase in vascular resistance and 
increase of workload of the right ventricle. 
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Flower in the crannied wall, 
I pluck you out of the crannies, 
I hold you here, root and all, in my hand. 
Little flower - but if I could understand 
what you are, root and all, and all in all, 
I should know what God and man is. 
Alfred Tennyson 
Supply and requirement of oxygen 39 
HEART FAILURE SYNDROME AND ASCITES AS A RESULT OF CHRONIC HYPOXIA AND 
VASOCONSTRICTION OF PULMONARY ARTERIOLES 
According to Poiseuille's law the resistance, to flow (R) of a fluid through a cylindrical tube 
varies inversely as the fourth power of the radius (r) of the tube. Changes in vascular 
resistance induced by natural stimuli occur by changes in radius. The principal changes are 
achieved by alterations in the contraction of the circular smooth muscle cells in the vessel 
wall (vasoconstriction). Vasoconstriction of pulmonary arterioles induced by hypoxia means 
a direct reduction of the radius of these vessels. From the hydraulic resistance equations, 
wherein R varies inversely as r4, it is clear that small changes in the radius of arterioles will 
alter resistance to the pulmonary blood flow greatly. The right ventricle of the heart has to 
respond to such an increased resistance by increasing the pulmonary arterial blood pressure 
in order to maintain a constant flow. In many experiments with animals it is shown that 
especially in cattle, pigs and chickens the effect of hypoxia on pulmonary arterial blood 
pressure is considerable. The increased workload of the right ventricle leads to heart failure 
and to a changed pressure pattern in the circulating system and to edema including ascites. 
It is also shown that especially chickens are vulnerable to changes in resistance to blood 
flow in the pulmonary vasculature. 
Vasoconstriction is evident in the fetal lung circulation of mammals: the collapsed airless 
lung has very little blood f low. After birth with the first breath a powerful pulmonary 
vascular response is produced. The asphyxia, which starts wi th constriction of the umbilical 
vessels, plus the cooling of the body activate the respiratory center of the newborn animal. 
With the filling of the lungs with air, pulmonary vascular resistance decreases to about one 
tenth of the value existing prior to lung expansion. Filling the lungs wi th liquid does not 
reduce pulmonary vascular resistance (Berne and Levy, 1986). 
In a model of embolic chronic pulmonary hypertension in the dog it was shown that there 
is an element of chronic hypoxemic vasoconstriction that can be relieved by oxygen 
administration leading to a decrease in pulmonary artery pressure (Shelub et al., 1984). 
Will et al. (1962) found in cattle that six months residence at an altitude of 3000 metres 
produced arterial oxygen desaturation and a rise in mean pulmonary arterial pressure from 
3.6 kPa to 6.0 kPa. Cardiac output of these animals showed no increase, and haematocrit 
values were not higher than in control animals at low altitude. The elevations in pulmonary 
arterial pressure reflected increases in pulmonary vascular resistance caused by 
vasoconstr ict ion. Experiments from Grover et al. (1963) with cattle also indicated that 
pulmonary hypertension at high altitudes was caused by chronic hypoxemia-induced 
pulmonary vasoconstriction. 
Vasoconstriction and blood viscosity (haematocrits) are variables in the circulatory system 
which exert direct effects on the resistance of blood vessels to f low. The (physical) law 
governing the f low of fluids through cylindrical tubes was derived empirically by Poisseuille. 
For the steady laminar f low of a newtonian fluid through a tube, the f low (Q) varies directly 
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as the pressure difference (AP), and the fourth power of the radius (r) of the tube, and it 
varies inversely as the length (L) of the tube and the viscosity (v) of the f luid. 
The vascular resistance of an individual vessel can be calculated by rearranging Poiseuille's 
law to give hydraulic resistance equation. 
AP Hwl fl 
R = — = where — is the constant of proportionality 
Q nr4 n 
This hydraulic resistance equation, wherein R varies inversely as the fourth power to the 
radius, r, shows that especially vasoconstriction as a result of hypoxia may alter resistance 
to blood f low greatly. 
Koyama and Horimato (1983) measured the effects of hypoxia in a small fraction of the lung 
of bullfrogs on constriction of the arterioles. 
They found that in these animals arteriolar vessel diameters decreased by 15%. The 
calculated corresponding decrease in blood f low through the observed arterioles was 59% 
assuming that pulmonary arterial pressure did not change. Otherwise if all lung 
compartments are submitted to hypoxia resulting in a comparable decrement of diameters 
of arterioles, at constant volume f low rate, the pulmonary arterial pressure would increase 
by 5 9 % , as the pressure difference is proportional to difference in f low. Studies at high 
altitudes revealed that in domestic animals the increase of pulmonary arterial pressure can 
be much higher than 59% suggesting that these animals having a relative high degree of 
muscularization show a severe response of vasoconstriction to hypoxia. In Table 1 values 
for mean pulmonary arterial blood pressures and for arterial (systemic ) oxygen tension are 
given for different species. 
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TABLE 1. A species comparison of arterial oxygen tension (Pao2) and pulmonary arterial 
mean blood pressure (Ppa) and effects of altitude 
Species 
Rabbits 
Dogs 
Sheep 
Sheep 
Cattle 
Cattle 
Pigs 
Pigs 
Chickens 
Chickens 
Chickens 
Alt i tude 
metres 
1580 
4300 
1600 
4500 
1580 
3870 
1600 
4500 
1580 
3870 
1600 
4500 
1600 
4500 
1524 
5490 
0 
3810 
0 
3300 
0 
3300 
Air 
pressure 
kPa 
83.7 
59.1 
83.4 
57.5 
83.7 
62.5 
83.4 
57.5 
83.7 
62.5 
83.4 
57.5 
83.4 
57.5 
84.5 
51.9 
101 
63.2 
101 
67.4 
101 
67.4 
Partial 
pressure 
of oxygen 
in dry air 
kPa 
17.5 
12.4 
17.5 
12.0 
17.5 
13.1 
17.5 
12.0 
17.5 
13.1 
17.5 
12.0 
17.5 
12.0 
17.7 
10.9 
21.2 
13.2 
21.2 
14.1 
21.2 
14.1 
Pa02 
kPa 
8.0 
4.3 
6.9 
6.0 
9.3 
5.3 
7.8 
5.6 
9.4 
6.0 
9.0 
5.2 
10.0 
-
9.0 
3.5 
14.6 
7.7 
__ 
--
— 
--
Ppa 
kPa 
3.2 
5.2 
2.5 
2.9 
2.8 
3.1 
2.7 
3.1 
3.9 
9.7 
3.3 
10.0 
3.6 
9.6 
2.8 
10.4 
2.1 
4.5 
2.1 
5.9 
2.2 
5.9 
Reference 
Reeves et al. (1963a) 
T u c k e r e t a l . (1975) 
Reeves et al. (1963b) 
Tucker et al. (1975) 
Grover et al. (1963) 
T u c k e r e t a l . (1975) 
Tucker et al. (1975) 
McMurtry é t a l . (1973) 
Burton et al. (1968) 
Cueva et al. (1974) 
Silau é t a l . (1980) 
Table 1 shows that effects of vasoconstriction and higher haematocrits usually found at 
high altitude, were not able to prevent a decreased oxygenation of the blood. It is also 
shown that especially in cattle, pigs and chickens the effect of altitude on pulmonary 
arterial blood pressure is considerable. In these hypoxic animals Ppa is approximately three 
fold compared with controls at sea level. The effects on Ppa in rabbits, dogs and sheep is 
much less. It is not likely that increases in pulmonary blood f low and in blood viscosity 
which are both proportional to increases in pulmonary blood pressure were solely 
responsible for such severe pulmonary hypertensions as are shown for domestic animals 
in Table 1. 
Cueva et al. (1974) and Silau and Montalvo (1982) showed that in chickens exposed to 
chronic hypoxia at high altitude only hypertrophy of the right ventricle was found, wi th no 
change or even hypertrophy of the left ventricle. Silau and Montalvo (1982) stated that if 
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the increased pulmonary arterial pressure found in chickens at high altitude were produced 
to some degree by an increased cardiac output they would have expected to find left 
cardiac hypertrophy, as was found in other conditions characterized by an increased blood 
flow reported by Conway et al. (1976) and Bui and Banchero (1980). A severe increase in 
pulmonary arterial pressure as is shown in Table 1 therefore might be attributed to a severe 
vasoconstriction as was shown by Will et al. (1962) in cattle. 
A discrepancy between a high oxygen requirement in domestic animals and a reduced 
oxygen supply at high altitudes may have caused such extreme blood pressure in the lungs. 
This illustrates the changing of hypoxic vasoconstriction from one contributing to 
homeostasis to one causing pathophysiology, especially in relation to the increased 
workload of the right ventricle of the heart. 
At birth of mammals the walls of the two ventricles are approximately of the same 
thickness. Present in the newborn is thickening of the muscular levels of the pulmonary 
arterioles which is apparently responsible in part for the high pulmonary vascular resistance 
of the fetus (Berne and Levy, 1986). After birth the thickness of the walls of the right 
ventricle diminishes as does the muscle layer of the pulmonary arterioles; the left 
ventricular walls increase in thickness (Longo and Reneau, 1978). Contrary to the systemic 
blood circulation the pulmonary circulation after birth is a low pressure low resistance 
system. The pulmonary artery pressure in most species is approximately one-fifth of the 
systemic pressure (Rodman and Voelkel, 1991). In accordance with the development in 
newborn mammals the right ventricle of birds has developed as a volume pump and not 
as a pressure pump (Akester, 1978). 
The right ventricle wall of chickens is quite thin, wi th a normal ratio of about 1:4 to the 
left ventricle wall (Julian et al., 1986). In many species of animals it has been found that 
chronic hypoxia results in pulmonary arterial hypertension, elevated haematocrit values, 
right ventricular hypertrophy and dilatation frequently accompanied with the presence of 
modular thickening of the atrioventricular valve and right ventricular failure. The modular 
thickening might render the valves almost completely insufficient before death to the 
extent as was found in chickens that the right atrial pressure was the same as that of the 
right ventricular pressure (Cueva et al., 1974). 
In the cardiac dilatation and hypertrophy that accompanies chronic heart failure, the 
pericardium is stretched considerably. The pericardial limitation of cardiac filling is exerted 
at pressures and volumes that are entirely different from those in normal individuals. The 
force required by each myocardial fiber of a ventricle of a dilated heart to generate a given 
intraventricular systolic pressure must be appreciable greater than developed by the fibers 
in a ventricle of normal size. 
The relationship between wall tension and cavity pressure resembles that of for cylindric 
tubes in that for a constant internal pressure wall tension varies directly wi th the radius, 
according to the law of LaPlace. As a consequence, the dilated heart requires considerably 
more oxygen to perform a given amount of external work than does the normal heart. 
Experimental and clinical observations have shown that alterations in cardiac output by 
right ventricular failure evoke directional changes in arterial and venous pressures of the 
systemic circulation. In an experiment on an anesthesized dog of Levy (1979) a mechanical 
pump was substituted for the right ventricle. Stepwise changes in blood f low were 
produced by altering the rate at which blood was mechanically pumped from the right 
atrium to the pulmonary artery. As a result the systemic arterial pressure fell and central 
venous pressures including the portal vein and hepatic veins rose. 
The direction and the magnitude of the movement of water across the capillary wall are 
determined by the algebraic sum of hydrostatic and osmotic pressures existing across the 
membrane. The hydrostatic pressure is the principal force infiltration across the capillary 
wal l , whereas an increase in the concentration of osmotically active particles within the 
vessels favors movement of fluid into the vessels from the interstitial space. The blood 
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pressure (hydrostatic pressure) within the capillaries is not constant and depends on the 
arterial pressure, the venous pressure and the precapillary and postcapillary resistances. 
Precapillary resistances are dependent on arteriolar and precapillary sphincter. Postcapillary 
resistances are related to cross-sectional areas of venules and small veins. 
A gain in arterial or venous pressure increased capillary hydrostatic pressure, whereas a 
reduction in each has the opposite effect. The relationship of precapillary and postcapillary 
pressure and resistance and their effect on capillary pressure can be expressed by the 
equations as is given by Berne and Levy (1986): 
Pc = (Rv/Rg)Pa + Pv 1 + (Rv/Ra) 
where 
Pc = capillary hydrostatic pressure 
Pa = arterial pressure 
Pv = venous pressure 
Ra = precapillary resistance (on the arterial side) 
Rv = postcapillary resistance (on the venous side) 
The important variable in the equation is the ratio of postcapillary resistance to precapillary 
resistance (Rv/Ra). When Ra is noticeable greater than Rv (about 4 to 1 in mammals), 
hence a given increment in venous pressure produces a much greater effect on capillary 
hydrostatic pressure than the same increment in arterial pressure. About 8 0 % of the 
increase in venous pressure is transmitted back to the capillaries, which is directly 
enhancing filtration of fluid across the capillary wall. If filtration is enhanced this may 
exceed the capacity of the lymphatic system to remove the capillary filtrate from the 
interstitial space. Moreover an increased venous pressure affects negatively reabsorption 
of interstit ial f luid. The preceding equation illuminates the special effect of a right 
ventricular failure and a defective right atrioventricular valve, resulting in an increased 
venous pressure, on the occurrence of edema and ascites. 
The incidence of edema and ascites can be explained as fol lows. The transfer of fluid 
across the thin capillary walls in lung is enhanced by higher resistance and pressures in the 
pulmonary arterioles. The reabsorption of interstitial fluid by the post capillary venules and 
the drainage capacity of the lympathic vessels can be severely blocked by a heightened 
venous pressure as a result of heart insufficiency. Such a disturbance in the balance of 
fluids entering and exiting across the capillary walls will finally result in edema in lungs, in 
hydropericardium and in an accumulation of edematous fluid within the abdominal cavity 
(ascites). 
As a result of edema the distance between the capillaries and the parenchymal tissues in 
heart and liver will become larger. In that case also diffusion may become a limiting factor 
in the transport of oxygen from capillary to tissue even at high rates of capillary flood f low. 
Especially when oxygen requirements are high and blood f low is reduced by insufficiency 
of the heart or by a reduced hormonal regulation of the circulatory system anoxia in liver 
and heart can be responsible for livercirrhosis and for death by a severe damage of the 
heart. 
Summarizing it can be concluded that the suffering of animals from oxygen deficit 
culminates wi th failure of the right ventricle of the heart. This can be explained by the 
pulmonary arterial hypertension that has to be overcome by an extreme systolic force of 
the right heart ventricle. The right ventricle is not capable to produce a high pressure 
during a long period without damage. These pressures exerted by the right ventricle 
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therefore lead to hypertrophy and dilatation and to an inappropriate closure of the right 
atrioventricular valve. 
Increased weights of the right ventricle relative to body weight and to total heart weight 
are the results of such a workload. Silau et al. (1980) found that right ventricular heart 
weights of the high altitude chickens in their experiments increased 90% over the control 
weights obtained at sea level. 
In different experiments with different animals mean pulmonary artery pressures (Ppa) were 
linearly related to the relative weights of the right ventricle to that of the total ventricular 
mass (TV) giving (RV/TV) according to the regression equation RV/TV = a + bPpa. 
Values for the intercept a and the regression coefficient b from these calculations of 
different experimental results are given in Table 2. 
TABLE 2. Intercepts and regression coefficients of equations relating the relative weight 
of the right ventricle (RV/TV) to the pulmonary artery pressure (Ppa) from 
different experiments with different species 
Species 
Chicken 
Chicken 
Chicken 
Cattle 
Cattle 
Pig 
Sex 
Males 
Females 
Males 
Females 
Males 
Females 
Males 
Males 
Males and 
Females 
Intercept 
a 
0.18 
0.15 
0.13 
0.13 
0.10 
0.12 
0.18 
0.23 
0.22 
Regression coeff. 
b (MPa'1) 
30.1 
30.1 
35.3 
34.6 
43.6 
40.6 
17.3 
15.0 
18.0 
Reference 
Burton et al. (1968) 
Burton et al. (1968) 
Silau é t a l . (1980) 
Silau é t a l . (1980) 
Silau and Montalvo (1982) 
Silau and Montalvo (1982) 
Alexander et al. (1960) 
Grover é t a l . (1963) 
McMurtry et al. (1973) 
The higher values of the regression coefficient b shown in Table 2 for chickens compared 
with mammals, which are also known to be susceptible for heart failure in hypoxic 
conditions, illuminate the vulnerability of chickens to changes in resistance to blood f low in 
the pulmonary vasculature. 
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Looking at a chicken which 
suffers seriously from heart failure 
and ascites. 
Knowing from literature that this 
suffering might be the result of 
domestication (in a broad sense) of animals 
by humans, again one is reminded of 
what Goethe tells the student through 
Mephistopheles: "Just when concepts are 
lacking, then words can and should be used" 
to tell that things have to be changed. 
Among words expressing responsibility 
following words were used in French poems: 
"C'est d'un maladie d"coeur 
Qu 'est mort, m'a dit le vétérinaire " 
"Quel est cette langueur 
Qui pénètre son coeur? 
Il soufre sans raison 
Dans le coeur qui s'écoeure 
C'est bien la pire peine 
De ne savoir pourquoi, 
Sans amour et sans haine 
Mon coeur a tant de peine " 
Maintenant on sait plus 
et la peine est augmentée 
"J'entends mon coeur qui bat 
C'est la conscience qui m'appelle " 
Fragments of poems from: Jules Laforque, 
in: La chanson du petit hypertrophique 
and, Paul Verlaine, in: Romances sans paroles = 
Denn eben wo Worte fehlen, 
da stellt ein Gefühl zur rechten Zeit sich ein 
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HYPOXEMIA AND PULMONARY VASOCONSTRICTION IN NON-HYPOBARIC CONDITIONS 
Most knowledge about vasoconstriction of pulmonary arterioles in men and animals is 
obtained in the last fifty years under hypoxic conditions. The concept that an increased 
oxygen requirement of normoxic animals (kept at sea level) also can induce hypoxemia, 
vasoconstriction, increased pulmonary vascular resistance and heart failure became clear, 
only recently, in the last ten years. 
Different experimental results revealed that hypoxemia under normoxic conditions can induce 
an increased pulmonary vascular resistance. Hypoxemia in some populations of domestic 
animals can be associated with a high production rate (protein accretion) and an intensive 
metabolism. 
Excessive constriction of the pulmonary vasculature generally has been considered as the 
primary mode of action of hypobaric hypoxia. But also in non-hypobaric conditions, at sea 
level, differences were found in the distribution of blood flows to different parts of the lungs, 
in relation to differences in the partial oxygen pressure in lung segments. 
Scheid and Holle (1978) found under normoxic conditions in the awake, spontaneously 
breathing duck that blood f low to the parabronchial gas exchange tissues decreased in the 
same direction as gas f lows through, and thus as oxygen pressure decreased along the 
parabronchi. Differences in perfusion of the mediodorsal, the medioventral secondary bronchi 
and parts of the middle regime of the parabronchi found in these experiments cannot be 
attributed to effects of different hydrostatic pressures as were found in dogs by Dugard and 
Naimark (1967). Scheid and Holle (1978) showed that in birds perfusion profiles of lung 
segments are variable pointing at recruitment and derecruitment of segments. 
Many experimental results have confirmed that the precapillary arterioles are the important 
and major locus of hypoxic vasoconstriction (Bergofsky, 1974; Hauge, 1968; Glazier and 
Murray, 1971 ; Kato and Staub, 1968; Kapanci et al . , 1974; Koyama and Horimoto, 1983; 
Nagasaka et al., 1984). As the lung capillaries, which are in connection wi th airway oxygen, 
do no constrict during hypoxia, there might be a mechanism that brings the signal from 
oxygen pressure in the airways to the precapillary arterioles. It also might be possible that 
hypoxia by the resulting low oxygen tensions in blood influences in this way pulmonary 
arterioles. 
In experiments with different species of mammals it was found that the pressor response to 
alveolar hypoxia was modified by the pulmonary artery oxygen tension (Bergofsky et al., 
1968; Hyman et al., 1981 ; Marshall et al . , 1981). 
Marshall and Marshall (1983b) found evidence that both alveolar and perfusate gas tensions 
contribute to hypoxic vasoconstriction. Similar indications can be derived from experiments 
in cats and dogs by Barer et al. (1970) who found that after hypoxia had been induced in 
a lung region blood f low therein was restored with a marked long time constant. For small 
lung segments flow diversion is very effective in shifting f low from the hypoxic region to the 
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normoxic rest of the lung of birds (Holle et al., 1978) and of rats (Marshall and Marshall, 
1983a). 
During global hypoxia in dogs, in all parts of the airways, recruitment of all capillaries occurs 
because of upstream arterial constriction resulting in a redistribution of blood from the 
bot tom to the top of the lung (Capen and Wagner, 1982). As the percentage of lung 
segments, that is made progressive hypoxic, gets larger and larger, the efficiency of the f low 
diversion gets less until at the extreme, when the entire lung is hypoxic, there is pulmonary 
vasoconstriction with no f low diversion (Marshall and Marshall, 1980). The observations of 
these authors are of great importance in understanding consequences of effects of oxygen 
as a limiting factor in metabolism. Pulmonary vasoconstriction wi th no f low diversion and 
no recruitments of other blood vessels means that the total cross-sectional area of 
pulmonary blood f low decreases. 
With reference to calculations about changes in pulmonary vascular resistances previously 
given in this chapter, Poisseuille's law directly shows the importance of a reduced radius of 
a blood vessel if this is not compensated by a recruitment of other vessels. From this law 
it is known that resistance R varies inversely as the fourth power of the radius r. If the radius 
(r) of a pulmonary arteriole wi th a resistance to f low = R is reduced to r/2 than the 
resistance will become equal to 16R. The effect of such an increase in f low resistance on 
blood pressure to maintain an unchanged blood circulation rate will be detrimental, and will 
end in just an overloaded right ventricle of the heart. 
The results of Marshall and Marshall (1980) illustrate the changing of hypoxic pulmonary 
vasoconstriction from one contributing to homeostasis to one causing pathophysiology. 
There will be soon a point at which the gain in oxygen tension in pulmonary blood that 
results from f low diversion is lost to the marked quantity of increased cardiac work that is 
demanded by the increased vascular resistance (Marshall, 1990). 
The fundamental importance of chronic hypoxemic induced pulmonary 
vasoconstrict ion, and its contribution to pathophysiology, in mammals and birds 
reared at sea level under normoxic conditions can be derived from following 
publications. First, Marshall and Marshall (1983b) demonstrated that pulmonary 
vasoconstrictor response is not only influenced by hypoxia in airways or by alveolar 
oxygen tensions but is also distinctly influenced by mixed-venous oxygen tensions. 
Second, Scheid and Holle (1978) showed that hypoxia exerted a vasoconstriction in 
the lung of birds. They found in spontaneously breathing birds that blood f low to the 
parabronchial gas exchange tissue decreased in the same direction as gas f lows 
through, and thus as Po2 decreased along the parabronchi, and conditions in the 
lungs became more hypoxic. However, when the direction of parabronchial gas f low 
was artificially reversed, the pattern of perfusion, regulated by constriction of parts 
of the pulmonary vasculature did change only slightly, indicating that the Po2 profile 
in the airways (hypoxic state) is not the main determinant of the pulmonary perfusion 
profile. Third, Teisseire and Soulard (1984) found in rats that a reduction in oxygen 
tension of mixed venous blood without altering oxygen tension in inspired air 
increased right ventricular systolic pressure. Furthermore, Benumof et al. (1981), 
Bergofsky et al. (1968) and Hauge (1969) reported that mixed venous oxygen 
tension influence pulmonary vasoconstriction. These findings suggest the location of 
a sensor in the pulmonary arteries that monitors the oxygen tension of arrived mixed 
venous blood. After it became clear that lung capillaries do not constrict during 
hypoxia (at high altitudes) or during hypoxemia the model explaining an increased 
pulmonary arterial pressure had to be changed. An important change is to bring the 
initial signal for constriction to the precapillary arterioles (Marshall and Marshall, 
1983a). A synthesis from those published results can elucidate initial conditions 
which are responsible for the development of HFS and ascites in normoxic chickens. 
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An imbalance between oxygen supply in blood and in tissues at the one hand and 
oxygen requirements for metabolic processes at the other hand will lead to an 
intensive delivery of oxygen from blood to tissues. The result will be low mixed-
venous oxygen tensions arriving in pulmonary arteries starting pulmonary 
vasoconstriction. These low oxygen tensions might occur chronically during periods 
that oxygen requirements are higher than can be supplied by the circulatory system. 
Low oxygen tensions or hypoxemia in venous blood, due to an intensive utilization 
of oxygen in the systemic circulation can lead to tissue oxygen deprivation or anoxia 
in the pulmonary arterial system which directly can influence oxidative 
phosphorylation in vascular smooth muscle of pulmonary arterioles. 
Bergofsky et al. (1963) observed that 2,4-dinitrophenol, an agent that uncouples 
phosphorylation from electron transport, caused pulmonary vasoconstriction in dogs. 
Studies wi th isolated rat lungs have demonstrated that five chemically different 
inhibitors of oxidative phosphorylation inhibiting different steps of ATP production, 
all cause pulmonary vasoconstriction. The magnitudes of pressor responses to 
metabolic inhibitors correlated wi th the magnitudes of preceding pressor responses 
to hypoxia (Rounds and McMurtry, 1981). Lloyd (1965) had showed earlier that such 
agents augment hypoxic vasoconstriction in the lungs. Not hypoxia in the sense of 
a low oxygen tension in the airways appears to be directly responsible for the 
pulmonary pressure response but the result of hypoxia or of an imbalance between 
oxygen requirement and supply which can be measured as low values for oxygen 
tension in the venous blood and which here is called hypoxemia can directly affect 
arterioles. 
Scheele and Frankenhuis (1989) found at sea level that a broiler population, which was 
susceptible for ascites and which was exposed to a low Ta demanding a high level of oxygen 
consumption, showed higher values for lactic acid in blood samples than a population less 
susceptible for ascites. These results suggest a shift from oxydative phosphorylation to 
anaerobic glycolysis in birds which were susceptible for ascites and under conditions 
demanding a high metabolic rate. 
In the same experiment of Scheele and Frankenhuis (1989) the phenomenon of an increased 
anaerobic metabolism in birds of the population which was susceptible for ascites could be 
related to anoxia and hypoxemia as in these birds also haematocrit values were increased. 
In domestic animals oxygen requirements are high as a result of a fast production rate and 
an intensive protein metabolism. It might be possible that changes in oxygen requirements 
in animals are not automatically compensated by changes in capacities for oxygen supply. 
This possibility is shown by the selection experiments of Stewart et al. (1980) and Stewart 
and Muir (1982). Selection for a low level of oxygen consumption in chickens was 
accompanied with a faster growth and a more favorable feed conversion ratio, revealing that 
increasing oxygen requirements for one purpose, such as growth, can be consonant wi th a 
reduced oxygen supply, probably resulting in a low level of muscular activity. A high anabolic 
rate which is related to a fast growth, together with a limited supply of oxygen, might lead 
to low mixed venous oxygen pressures and so to vasoconstriction of lung segments. The 
concept that increased oxygen requirements of normoxic animals in this way might induce 
increased pulmonary vascular resistance affecting primarily the right ventricle agrees with 
experimental results from Peacock et al. (1990) who revealed spontaneous hypoxemia and 
right ventricular hypertrophy in very fast growing broiler chickens at sea level. 
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Peacock et al. (1989) found a distinct relationship between oxygen tension in blood and 
pulmonary artery pressure, they also found that right ventricular hypertrophy in these very 
fast growing chickens at sea level could be prevented by restricting their diet and hence their 
g rowth , protein accretion and oxygen requirement. Reeves et al. (1991) found that feed 
restriction of rapidly growing chickens at sea level resulted in higher arterial oxygen tension 
than those fully fed. They also found that arterial oxygen desaturation in fully fed fast 
growing birds correlated wi th the degree of right ventricular hypertrophy. In these different 
experiments with chickens there appeared to be a direct correlation between production rate 
and hypoxemia in the systemic arteries suggesting that oxygen had become the limiting 
factor in metabolism of the fast growing birds. 
Considering results of the experiments dealing wi th the relationship between hypoxemia, 
pulmonary vasoconstriction, production rate and oxydative phosphorylation, hypotheses 
were formulated that changes in metabolizable energy intake (MEi) and in energy partitioning, 
including heat production in the chicken affecting oxydative phosphorylation quantitatively 
and thus oxygen requirements in accompaniment wi th changes in oxygen supply, could be 
responsible for pathophysiological processes in the body inducing HFS and ascites. Thyroid 
hormones initiating and stimulating oxidative phosphorylation (Sterling et al., 1977) therefore 
could interfere in those pathophysiological processes. 
Changes in MEi and in energy partitioning can be caused by following factors: 
1. Selection procedures, a selection of broilers for a fast growth rate and for a low feed 
conversion ratio. 
2. Dietary composition, energy density (affecting MEi) and nutrient composition affecting 
energy retention (RE), deposition of protein and fat (RP and RF) and heat production (HP). 
3. Environmental factors such as ambient temperatures affecting mainly MEi and HP. 
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In the foregoing century 
Robert Mayer in Germany and Nicolas Carnot in France 
formulated important physical principles 
about energy. These principles are known 
as the first and second law of thermodynamics 
dealing with conservation of energy and wi th 
the direction energetic processes will fol low. 
No laws were formulated about how energy 
should be used by humans, in controlling 
their environment, and for their care 
for nature in general and for 
domestic animals in particular. 
Still, 25 centuries ago in China, 
somebody asked special attention for the 
aspect how energy should be used by humans. 
Tsze-lû asked about energy. 
The Master said, "Do you mean the energy of the South, 
the energy of the North, or the energy which you should 
cultivate yourself? 
"To show forbearance and gentleness in teaching others; 
and not to revenge unreasonable conduct: 
- this is the energy of Southern regions, 
and the good man makes it his study. 
"To lie under arms; and meet death without regret; 
- this is energy of Northern regions, 
and the forceful make it their study. 
"Therefore, the superior man cultivates a friendly harmony, 
without being weak. - How firm is he in his energy! 
He stands erect in the middle, without inclining to either side. 
- How firm is he in his energy! 
When good principles prevail in the government of his country, 
he does not change from what he was in retirement. 
- How firm is he in his energy! 
When bad principles prevail in the country, 
he maintains his course to death without changing. 
- How firm is he in his energy!" 
Confucius 
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OTHER FACTORS AFFECTING THE SUPPLY AND THE REQUIREMENTS OF OXYGEN IN 
ANIMALS 
In homeothermic animals a considerable "waste" of free energy and thus of oxygen is the 
inevitable accompaniment of speed (velocity is favoured by high temperatures) in their fast 
contractile processes in muscles (heart etc.). In these animals a high energy turnover with 
a high level both of waste and achievement requires a quick supply of oxygen to generate 
the abundant amounts of free energy. 
The large oxygen need of homeothermic animals might have developed their quick response 
to a decreased oxygen tension in blood by means of a fast increase of the red cell mass (high 
haematocrits). 
It must be emphasized that a high haematocrit value in blood primarily should be considered 
as a possible symptom of a limited oxygen supply and less as a causal factor inducing heart 
failure and ascites. Although high haematocrit values may have some effect on resistance 
to flow, this effect is relatively small. Furthermore high shear rates in small blood vessels 
reduces the apparent viscosity of blood, a phenomenon called shear thinning. On the other 
hand a reduced metabolic rate (e.g. a low thyroid hormone activity), a low heart rate and a 
reduced oxygen supply can induce very slow rates of shear together with high haematocrits. 
In these circumstances suspended cells tend to form aggregates which will cause increased 
viscosity and congestion in blood vessels. This may lead to edema and ascites. 
Not only synthesis and turnover of protein are responsible for high energy costs and a high 
demand for oxygen supply in animals. Protein in muscles is also active in a sense that 
continuously work is done as in the case of muscular contraction. In homeothermic animals 
the rather fast (velocity is favoured by high temperature) contractile processes in a muscle 
needs fast chemical processes driven by available quantities of free energy (Scheele et al., 
1987). 
The free energy change, AF, drives chemical reactions in the following sense: that when 
AF = 0 the process does not move, but when AF is made larger and larger the process moves 
faster and faster. For the same amount of work birds and mammals (warm-blooded) will use 
much more free energy for their fast contractile processes than cold-blooded animals (all 
other animals) do if acting slowly. The free energy used for work is released as heat to the 
environment and is not used for production purposes in terms of deposition of protein and 
fat. This means that a considerable waste of free energy is the inevitable accompaniment 
of speed in fast metabolic processes, for example in the actual contractile process in a 
muscle. It may be questioned to what degree thermodynamic efficiency is important to an 
animal. An energetic efficient animal that does not waste much free energy will be vulnerable 
in reacting to the environment. If the animal does not waste anything it will get nothing 
done, and it is not able to respond to changes of the environment: so it appears that there 
is much to be said for having a high energy turnover, wi th a high level both of waste and of 
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achievement, depending on a quick supply of oxygen to generate the abundant amounts of 
free energy. This is what warm-blooded animals do, and since they are the most effective 
and adaptable group of animals, this extravagance is evidently a practical proposition. All 
efforts to reduce maintenance requirements of animals by a reduced oxygen supply, 
genetically or by other means, therefore will lead to decreased adaptive responses and may 
result in metabolic diseases. 
The large oxygen need of homeothermic animals imposed by their metabolism might also 
have developed their quick response to a decreased oxygen tension in blood by means of 
fast increase of the red cell mass (Rosse and Waldmann, 1966). Poikilothermie animals (frogs 
and turtles) differ in that they do not respond to hypoxia wi th an increase in production of 
red blood cells or erythropoiesis (Rosse et al., 1963). Red blood cells are the essential 
oxygen carriers in blood, transporting oxygen to the tissues. An increase in red blood cell 
mass (which is the most imporant factor determining the haematocrit value) can 
counterbalance a reduced oxygen supply in the lungs or an increased metabolic oxygen 
requirement. Under normal conditions 100 ml of pure arterialized plasma will contain 0.3 ml 
oxygen while 100 ml of red cells will contain approximately 50 ml oxygen if the haemoglobin 
is fully saturated (Smith and Crowell, 1963). 
The importance of erythropoietin a hormone produced by the kidney in the control of 
erythropoiesis in the bone marrow of animals has been established by Gordon (1959). 
Goldberg et al. (1988) found evidence that an oxygen sensor in a heme protein is responsible 
for hypoxemic stimulation of the production of erythropoietin. The control of erythropoiesis 
in birds appears to be similar to that in mammals in that both classes respond to hypoxemia 
with increased erythropoiesis within a relatively short period of time (Rosse and Waldmann, 
1966). As a consequence elevated haematocrit values can be used as a reliable indicator for 
conditions which would lead to hypoxemia. 
It must be emphasized that a high haematocrit value primarily should be considered as a 
possible symptom of a limited oxygen supply in blood and less as a causal factor inducing 
heart failure and ascites. Although high haematocrit values may have some effect on f low 
resistance this effect is relatively small. 
Rheologically, blood is a suspension of erythrocytes, thrombocytes and leucocytes in a 
relatively homogenous liquid, the blood plasma. The viscosity of a homogeneous liquid 
(newtonian fluid) may be determined by measuring the rate of f low of the fluid at a given 
pressure gradient through a cylindrical tube of known length and radius. By means of 
Poiseuilles equation the viscosity may be computed as long as the fluid f low is laminar. The 
viscosity of a given newtonian fluid at a specified temperature will be constant over a wide 
range at tube dimensions and f lows. 
For a non newtonian fluid such as a suspension, the viscosity calculated by substituting into 
Poiseuille's equation may vary considerably as a function of tube dimensions and f lows. The 
term apparent viscosity of blood is applied to the value of viscosity obtained under particular 
conditions of measurement. The apparent viscosity of blood varies as a function of the 
haematocrit value (percentage of the volume of blood cells of the volume of whole blood). 
The viscosity of whole blood measured in a conventional capillary tube viscometer increases 
at a progressively greater rate as the haematocrit value increases. 
For any given haematocrit value the apparent viscosity of blood depends on the dimensions 
of the tube employed in estimating the viscosity. The apparent viscosity of blood diminishes 
progressively as tube diameter decreases below a value of about 0.3 mm (Fahraeus and 
Lindqvist, 1931). The diameters of the highest resistance blood vessels the arterioles, are 
considerably less than this critical value of 0.3 mm. this phenomenon therefore reduces the 
resistance to flow in the blood vessels that possess the greatest resistance. Levy and Share 
(1953) demonstrated that, especially at higher haematocrit values (higher than 30, being 
normal values found in animals), the apparent viscosity of blood is considerably less when 
measured in a biological viscometer (such as a vessel from the hind leg of a dog) than in a 
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conventional capillary tube viscometer. They found that for a haematocrit value of 40 the 
viscosity of whole blood was two times as high measured in a conventional viscometer 
compared with such a biological viscometer. Over the entire range of haematocrit values, the 
apparent viscosity was less as measured in the living tissue than in the capillary tube 
viscometer and the disparity was greater the higher the haematocrit value. 
The influence of tube diameter on apparent viscosity is ascribable in part to the change in 
actual composition of the blood as it f lows through small tubes. The composition changes 
because the red blood cells tend to accumulate in the faster axial stream, where as largely 
plasma f lows in the slower marginal layers. Furthermore, the haematocrit values of the blood 
contained in various tissues are lower than those in blood samples withdrawn from large 
arteries or veins in the same animal (Barbee and Cokelet, 1971). The smaller the radius of 
the tube, the more pronounced the reduction in haematocrit value in the tube. The apparent 
viscosity of blood diminishes as the shear rate is increased, a phenomenon called shear 
thinning (Amin and Sirs, 1985). The shear rate refers to the velocity of one layer of fluid 
relative to that of the adjacent layers and is directionally related to the rate of f low. The 
greater tendency of the erythrocytes to accumulate in the axial laminae at higher f low rates 
is partly responsible for this non newtonian behaviour. 
Haematocrit values of approximately 30 found in chickens at different ages in normoxic 
conditions are rather constant (Sturkie, 1986). Haematocrit values measured by Silau et al. 
(1980) and Silau and Montalvo (1983) in chickens at sea level and at high altitudes (3300 
m) ranged from approximately 27 (sea level) to 40 (hypoxic conditions). 
Peacock et al. (1990) showed in fast growing chickens that haematocrit correlated very well 
wi th arterial oxygen saturation (So2). They found that if So 2 decreased from 100 to 50% 
haematocrit increased to a value of approximately 40. Levy and Share (1953) showed that 
by an increase in haematocrit from 30 to 40 the viscosity of blood in a biological viscometer 
increased approximately only 10%. 
This may illustrate that although increased haematocrit values as a result of hypoxemia may 
have some effect on vascular resistance, the effect in the pulmonary circulation will be 
relatively small. As viscosity is proportional to pressure difference the relatively small 
increase in viscosity cannot be responsible for the severe pulmonary arterial hypertension as 
is found in domestic animals under hypoxic conditions (Table 1). Although haematocrit 
values cannot be used to explain entirely observed pulmonary hypertension and increased 
workloads of the heart it appeared in many experiments that haematocrits are reliable 
indicators for hypoxemia (Peacock et al., 1989; Reeves et al, 1991). Haematocrits correlated 
very well wi th pulmonary artery pressure and wi th right ventricular hypertrophy (Peacock et 
a l . , 1989; 1990; Reeves et al., 1991). Obviously there is a strong indirect relationship 
between haematocrits and susceptibility for heart failure and ascites. 
Haematocrits do not seem to have large effects on vasculature resistance and blood pressure 
(but still) it may contribute to a high blood pressure induced by other factors such as 
vasoconstriction and an increased blood f low. 
Studies on the optimal haematocrit for oxygen transport in the tissues in dogs and studies 
at high altitudes with dogs indicated that the optimal haematocrit for transport of oxygen 
and for survival on hypoxic conditions in dogs is about 40 (Crowell et al . , 1959; Smith and 
Crowel l , 1963). They explained this optimal value as a balance between the effect of 
haematocrit on viscosity, vascular resistance and workload of the heart on the one hand and 
on oxygen content and oxygen carrying capacity of blood on the other hand. 
Another factor affecting rheological properties of blood is that at very slow rates of shear, 
the suspended cells tend to form aggregates, which would increase viscosity (Amin and Sirs, 
1985). The tendency toward aggregation at low f lows depends on the concentration in the 
plasma of soluble larger protein molecules. For this reason the changes in blood viscosity 
with shear rate are much more pronounced when the concentration of suspended blood cells 
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(haematocrit) and of soluble proteins is high. Also, at low f low rates, the leucocytes tend to 
adhere to the endothelial cells of the microvessels, thereby increasing the apparent viscosity. 
In animals selected for a high energetic efficiency resulting in a low rate of heat production, 
a low heart rate, and hypoxemia caused by a low thyroid hormone activity, it might be 
possible that in combination with high haematocrit values in different parts of the circulation 
aggregation of suspended erythrocytes, thrombocytes, and leucocytes and adhesion of 
leucocytes causes congestion in blood vessels. This may lead to edema near parts of the 
microcirculation. Maxwell et al. (1986 and 1987) found congested lungs, kidneys and 
intestines in ascitic birds and haemorrhagic effusions wi th fibrin clots in the abdominal 
cavity. 
The deformability of the erythrocytes is also a factor in shear thinning especially at high 
haematocrit ratios. As blood that is densely packed with erythrocytes is caused to f low at 
progressively greater rates, the erythrocytes become more and more deformed, diminishing 
the apparent viscosity of the blood (Amin and Sirs, 1985). 
On the other hand at low shear rates comparable to those in the microcirculation in the lungs 
the deformability of the erythrocytes will be less and the cells will become more rigid. Rigid 
particles do not migrate toward the axis of a tube, whereas flexible particles do migrate. 
Maxwell et al. (1986) observed that in broilers wi th ascites the mean cell volume values 
were raised compared with age-matched controls. It can be envisaged that enlarged red cell 
size which became more rigid by a low shear rate could impede the passage of blood through 
pulmonary capillary beds, which could contribute to an increase in pulmonary hypertension. 
Spectacular experimental results (Amin and Sirs, 1985) showed that if plasma fibrinogen 
concentrations are reduced then also the flexibility of human erythrocytes is markedly 
reduced. They found a linear relationship between fibrinogen concentration and erythrocyte 
flexibility. Hypothyroidism is associated with depression of a variety of proteins in plasma 
of humans (Simone et al., 1965). If in the same way in birds plasma proteins, including 
fibrinogen might be reduced consonant with a reduced thyroid hormone activity than also 
deformability of the erythrocytes might be reduced. If the red blood cells become hardened, 
shear thinning may become much less prominent which influences directly the resistance to 
f low and the workload of the heart. The diameter of the blood capillaries in lungs of 
domestic fowl is estimated to be 3.7 >t/m (range: 2.8 to 4.8 //m), which is much less than the 
diameter of blood capillaries in the lungs of mammals (King and Molony, 1971). In addition, 
birds erythrocytes ( ± 1 2 x 8 fjm) are larger than mammal erythrocytes (Gaehtgens et al., 
1981). 
In a comparative rheology of nucleated avian red blood cells wi th non-nucleated human red 
blood cells, Gaehtgens et al. (1981) found that during capillary f low the deformability of 
nucleated erythrocytes was significantly lower than that observed in the non-nucleated 
human red cells. These findings suggest that factors which will increase blood cell 
concentration combined with a reduced deformability of erythrocytes may especially in birds 
exert distinct effects on f low resistance in capillary beds. Hakim and Macek (1988) studied 
erythrocyte deformability in relation to hypoxia in different animal species. They clearly 
showed that erythrocytes in several species become less flexible during hypoxia. 
In Table 2 it was shown that in chickens a small stimulation for right ventricle hypertrophy 
such as a mild hypoxemia could cause a large response. Therefore, chickens represent an 
appropriate model to study effects of factors related to energy metabolism, energy 
repartit ioning, and oxygen consumption, which influence blood circulation and vascular 
resistance. 
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Moreover chickens provide a convenient model to study to what extend changes in factors 
involved in governing and regulating energy metabolism, oxygen consumption, oxygen 
requirement, vasoconstriction, blood flow and blood composition such as thyroid and growth 
hormone levels in plasma could act as important amplifiers or as protectors of heart failure 
and ascites. 
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Thinking about 
feed conversion ratio 
And God said: "Behold, 
I have given you every herb yielding seed, 
which is upon the face of all the earth, 
and every tree, in which is the fruit of a tree yielding seed, 
- to you it shall be for food; 
and to every beast of the earth, and to every fowl of the air, 
and to every thing that creepeth upon the earth, 
wherein there is a living soul, 
I have given every green herb for food. " 
And it was so. 
Genesis 
Supply and requirement of oxygen 59 
PHYSIOLOGICAL CONSEQUENCES OF SELECTION PROGRAMS IN BREEDING BROILER 
CHICKENS DEALING WITH A DECREASE IN FEED CONVERSION RATIO 
From the first law of thermodynamics it is clear that only a change in three main factors in 
metabolism of animals can result in a reduced feed conversion ratio IFCR). 
These factors are: 
1. The digestibility of nutrients and the excretion of metabolic endproducts in urine. 
2. The protein-fat ratio in deposited tissues or the ratio between lean body mass and fat 
/lean body mass here is defined to consist from protein (in muscle tissue and in feathers) 
and water, in calculations it is assumed that the ratio between protein in muscle tissue 
and in feathers is constant). 
3. The production of metabolic heat. 
A change in each of these factors can be mediated by the circulatory, endocrine and 
nervous systems that constitute the principal coordinating and integrating systems of the 
body. A change of each factor can have different consequences for the different systems 
and can be mediated by different subfactors within a system. 
First: it should be known which changes can be harmful for health and which will not have 
direct negative effects on metabolism in animals. 
Second: it should be known which subfactors within systems can be influenced by selection 
or which subfactors are showing variability between populations selected in different ways. 
Third: research has to be carried out to show which unknown correlated responses in other 
traits could accompany a selection for a low FCR. 
Changes in some of these unknown traits can have a direct relationship with the occurrence 
of metabolic disorders and cause heart failure and ascites. In following chapters results of 
experiments dealing with these problems are discussed. 
Dietary costs represent the greatest part of total costs of broiler production. Dietary energy, 
as far as it is not excreted in faeces and urine, is used for deposition of energy (RE) in 
tissues and for heat production (HP). HP can be considered as extra costs of protein and fat 
deposition and energy costs for maintenance. For economical reasons there is a general 
interest in an increased efficiency of dietary energy for body weight gain, or more simply 
feed conversion ratio (FCR) should be decreased. The utilization of dietary energy for body 
weight gain during a period (t days), needed to reach a contemplated slaughter weight, can 
be calculated by the equation: 
MEi = aRE + M Em (equation 1) 
For that period, MEi is the amount of dietary metabolizable energy intake, RE is the amount 
of energy deposited in tissues, and MEm is the amount of energy used for maintenance and 
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which is released as heat to the environment. The regression coefficient a indicates also an 
amount of heat which is released to the environment but which is dependent on RE. This 
amount of heat represents directly the (in)efficiency of RE from MEi. MEm is, according to 
generally accepted concepts in animal metabolism, a function of the mean body weight (W) 
during the period of production that is considered. MEm (kj) = b (kJ/W*day) .W*. t (days 
in that period). W * is the mean body weight in t days to the power of 0.75. 
The factor bW* represents an inevitable and fixed amount of energy that is released daily 
to the environment. Therefore the regression coefficient a and the length of the growing 
period are the main variables that represent the efficacy of a diet or of an animal for 
conversion of dietary energy in deposited energy. For practical reasons it is desired to use 
simple noninvasive methods to estimate the (energetic) efficiency of animal production. 
Assuming that the metabolizable energy value of diets (d kJ per g of diet) and the energy 
value of the body composition (f kJ per g of body weight) is known, the energetic efficiency 
of growth can be calculated by measuring feed intake (Fl) and body weight gain (BWG). MEi 
(kJ) = d (kJ/g).FI (g). For diets having the same metabolizable energy value it means that 
d = constant. 
For practical calculations, the assumption can be made that at a given weight, the same 
kind of animals, raised in comparable circumstances, will have the same body composition. 
Consequently, for these animals the ratio between RE and BWG will be constant = f. 
RE (kJ) = f (kJ/g) . BWG (g). 
Equation (1) presenting the utilization of dietary energy consumed, in a period of t days until 
slaughter weight is attained, can be writ ten as fol lows: 
dFI = f.a.BWG + b.W*.t 
Fl = a.BWG.f/d + W.t.b/d 
For diets w i th the same ME value and for animals wi th the same body composition the 
factors f/d = c and b/d = k are constants. 
Fl = c.a.BWG + k.W'.t 
Fl
 FCR - c.a kW'< 
BWG BWG 
This equation can be used to compare the efficacy of two different diets with the same ME 
value or of two different groups of animals with the same body composition. In that case: 
( v 
FCR, - FCR2 = c.(a, - a2) + k. W' ^ ^ 
BWG, BWG 
If at slaughter weight W , * = W 2 * and BWG, = BWG2 than W*/BWG will be constant 
B and will be equal for the compared subjects. 
FCR, - FCR2 = c.(a, - a2) + k.B.(t, - t2) 
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By using tabulated values for the daily maintenance requirements as a function of W and 
knowing the metabolizability of the diet the contribution of t , - 1 2 to the difference in FCR 
can be calculated. By using further the approximate value for the body composition of the 
animals at slaughter weight, a direct estimate for the difference in energetic efficiency 
between compared subjects, and represented by the difference in the regression coefficients 
a, and a2, can be obtained from the value given by FCRi - FCR2- For this reason, feed 
conversion ratio (FCR), can be defined as fol lows: FCR, for a given diet and state of weight 
gain at a fixed end weight of the chicken is the amount of feed in grams that is required for 
1 gram of weight gain. Modern selection programs in broiler breeding deal with a decrease 
in FCR. 
According to the laws of conservation of matter and of energy (the first law of 
thermodynamics) only a change in three main factors in broiler metabolism can result in an 
improved FCR. 
These three factors are: 
1. An increased digestibility of nutrients and a reduced excretion of uric acid in urine. 
2. An increased protein-fat ratio (PFR) in deposited tissues, which means an increased 
deposition of water in lean tissue. Accumulation of water in the body represents weight 
gain which is not originated from feed intake. 
3. A decreased part of feed intake which will be used for the production of free energy at 
the expense of a breakdown of nutrients. This can be obtained by an inhibited 
consumption of oxygen. 
In terms of energy, broilers which show a lower FCR compared to others should exhibit: 
1. A higher metabolizable energy value of a given diet as a result of a more efficient 
digestion and absorption of nutrients and less degradation of protein in metabolism and 
less uric acid in excreta in accompaniment wi th a more efficient retention of protein, 
and/or 
2. An increased percentage of retained protein energy (FREp) in total RE and thus a 
decreased fraction of retained fat energy in RE (FREf), and/or 
3. Less heat production which might be caused by a more efficiently regulated metabolic 
rate or which might be due to the inability to consume sufficient amounts of oxygen 
leading directly to hypoxemia, heart failure and ascites. 
In the fol lowing it will be discussed that effects of these three main factors in energy 
metabolism can be related to utilization of oxygen according to different ways. 
A. A reduced FCR due to an increased efficiency of utilizing MEi for RE combined with a 
decreased maintenance requirement which can be related to a reduced oxygen 
consumption. 
B. A reduced FCR as a result of an exchange of deposited fat for lean body mass (a higher 
FREp), combined with a fast growth, will have an increasing effect on oxygen 
requirements. 
A. An increased energetic efficiency of ME intake (MEi) for retained energy (RE) including 
a low maintenance requirement 
Al though a more efficient utilization of energy for RE per se should not necessarily be 
associated with the occurrence of metabolic disorders it is important to know which factors 
are responsible for such an increased efficiency. 
First a more efficient deposition of energy in growing chickens could be the result of a more 
adequate functioning of a control system that matches more precisely free energy delivered 
by nutrients to required work energy at each moment at each place in the organism during 
the growth period. Such a metabolism does not exclude that an increase in waste of free 
energy to heat may occur at moments when this is necessary. This necessity will present 
itself when physical activity demands fast contractile processes in muscles or at moments 
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when the ambient temperature sinks below the lower critical temperature and a fast 
degrading of free energy into heat is desired. Thus, the control system should have 
preserved the potential for inducing inefficient fast speed reactions in the muscles as this 
is also the only mode of producing heat for thermogenesis in chickens (Wekstein and 
Zollman, 1971). 
Thyroid hormones are acting as an important control system in regulating energetic 
efficiency for RE. Low levels of circulating thyroid hormones will maintain physical activity 
and metabolic rate and thus the production of heat at a low level. It might be possible that 
also energy consuming processes like protein turnover are negatively influenced by a low 
thyroid activity which would result in a lower degradation rate of retained protein and thus 
in a higher efficiency of converting dietary protein in protein accretion and in less production 
of uric acid in excreta. Antonov et al. (1980) reported that a decreased thyroid hormone 
production resulted in a depressed motility of the gastro-intestinal tract. In this way the 
passage of feed slows down and the digestibility of nutrients may increase. Thus a selection 
on a low FCR may result in a low production rate of thyroxine (T4), and specially of 
triiodothyronine (T3) which is the principal metabolically active thyroid hormone, as thyroid 
hormones affect the energy efficiency of MEi for RE by different pathways in the same 
direction. 
Such a mechanism should be flexible in adapting to a changed environment e.g. such 
changes may demand a response in physical activity, and in higher rates of heat production 
and oxygen consumption. 
Second, a selection for a low FCR resulting in an efficient utilization of MEi for RE could also 
induce an inflexible reduction of heat production, without the possibility to adapt 
metabolism to changing environmental factors. Such a selection might induce 
hypothyroidism in chickens without the possibility for a fast increase in thyroid hormone 
production at circumstances that demand a higher metabolic rate and an increased heat 
production. 
A continuous low thyroid hormone activity will maintain the circulation rate at a low level. 
Cardiac activity is sluggish in animals with an insufficient thyroid function (hypothyroidism); 
that is the heart rate is slow and cardiac output diminished. 
Numerous studies on the cardiovascular system in intact animals and humans have 
demonstrated that a decreased thyroid activity decrease principally those iso-enzymes with 
the greatest ATPase activity, which thereby reduces myocardial contractility (Klein and 
Levey, 1984; Morkin et al., 1983). The rates of calcium ion uptake and of ATP hydrolysis 
by the sarcoplasmic reticulum are decreased in experimental hypothyroidism (Shamoo and 
Ambudkar, 1984). There is also general agreement that thyroid hormones does increase the 
density of beta-adrenergic receptors in cardiac tissue. A decreased cardiac activity reducing 
the velocity of the blood flow as a result of hypothyroidism will affect greatly the transport 
capacity of oxygen to tissues. 
In these circumstances anoxia and hypoxemia might be responsible for an increased 
resistance of the pulmonary vasculature for blood f low and for failure of the right ventricle 
of a heart which is already weakened by a lack of stimulating factors. 
A metabolic rate which is reduced by a control system which fails to increase the pumping 
capacity of the heart and the blood f low velocity adequately when this is demanded, e.g. 
in cold environments, may lead to hypoxemia, high haematocrit values, and low rates of 
feed intake, of heat production, and of oxygen consumption, this may lead to heart failure 
and ascites. 
Still another effect of a selection procedure on a low feed conversion ratio concomitant with 
a high energetic efficiency might be that this has induced a reduced lung capacity relative 
to oxygen needs of the tissues. The latter will have the same negative effects resulting in 
hypoxemia heart failure and ascites as an inadequate control system of metabolism. 
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B. A low feed conversion ratio which is related to an exchange of deposited fat for lean 
body mass (an increased FREp) 
Protein accretion when combined with a considerable accumulation of water in lean body 
mass may save more feed energy than fat accretion does resulting in a lower FCR. On the 
other hand it is well known that energy costs of synthesis of protein and breakdown and 
restoration of denaturated protein are considerable. 
Modern broiler populations with slaughter weights ranging from 1500-2000 grams at an age 
between 5 to 6 weeks have a carcass composition of approximately 17% protein, 13% fat 
and 65% water. A weight gain of 1800 grams therefore corresponds wi th a RE of 7160 kJ 
in protein (0.17 x 23.4 x 1800) + 9105 kJ in fat (0.13 x 38.9 x 1800) = 16265 kJ. 
Energy values of protein and fat are respectively 23.4 and 38.9 kJ/g. Values for FREp in 
these birds are approximately 7160/16265 x 100 = 4 4 % . 
Scheele et ai. (1985) found in three different energy balance experiments with 
approximately 2000 broilers in experimental periods from 0-6 weeks of age, by means of 
regression equations, that an increase in FREp of one percent shows a marked constant 
reduction in RE if the reduction is expressed as a percentage of the initial RE. This was 
found for different groups of birds fed diets differing in nutritional composition. 
The experimental groups differed also in end weights, in efficiency of utilization of 
metabolizable energy intake (MEi) for energy retention (RE) and in protein-fat ratio, thus in 
FREp. An increase of one percent in FREp at a given MEi resulted in a reduction in RE, for 
the different groups of broilers, between 1.2 and 1.3%. 
This highly significant and constant effect of FREp on RE was used to calculate which part 
of MEi was used for deposited protein and which part for deposited fat. Estimates of the 
parti t ioning of MEi were calculated by increasing FREp from 4 5 % to 4 6 % being normal 
values for broilers at slaughter weight. 
For calculating the so called energy costs of deposited protein and fat it was assumed that 
MEi in the zone of thermoneutrality is completely used for synthesis and maintenance of just 
protein and fat. 
Physical activity and basal metabolic rate were also assumed to be dependent on deposited 
protein (muscle contraction and protein breakdown) and on deposited fat (lipolysis). 
As such calculated values of energy utilization for deposited protein and deposited fat are 
dependent on energy utilization for RE (RE/MEi) these calculations were carried out for 
different values of RE/MEi ranging from 0.31 to 0.49. The basic values for the calculations 
were derived from experiments (Scheele et al., 1985) exhibiting values for RE/MEi ranging 
from 0.33 to 0.43. 
Using t w o equations with two unknown variables a and b the energy costs of 1 gram of 
deposited protein and of 1 gram of deposited fat were calculated. The factors a and b are 
respectively quantities of MEi used for respectively 1 kJ of deposited protein energy and 1 
kJ of deposited fat energy. In an example these energy costs are calculated based on 
following starting point data: RE/MEi = 0.40; an increase of FREp from 4 5 % to 4 6 % results 
in a reduction in RE of 1.2%. Consequently FREf decreases from 55% to 54%. 
Example: 
RE = 100 kJ, consequently MEi = 100/0.40 = 250 kJ 
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Equation 1 (at a level of FREp = 45%) 
0.45 x 100 x a + 0.55 x 100 xb = 250 
45 a + 55 b = 250 
b = 4.545-0.818a 
Equation 2 (at a level of FREp = 4 6 % when RE is reduced wi th 1.2% from 100 to 98.8) 
0.46 x 98.8 x a + 0.54 x 98.8 x b = 250 
45.45a + 53.35b = 250 
b = 4.686 -0.852a 
Combining both equations gives 
4.545 - 0.818a = 4.686 - 0.852a 
0.034a = 0.141 
a = 4.15 
Substituting the value for a in equation 1 gives 
b = 4.545-3.393 = 1.15 
For 1 gram of deposited protein is used 4.15 x 23.4 = 97.1 k j . 
For 1 gram of deposited fat is used 1.15 x 38.9 = 44.7 k j . 
The heat production (HP) belonging to deposition of 1 g of protein and of 1 g of fat is 
calculated by subtracting the deposited energy in protein and fat from total energy costs of 
protein and fat. 
Heat productions belonging to 1 g of protein and to 1 g of fat are respectively 97.1 - 23.4 
= 73.7 kJ and 44.7 - 38.9 = 6.2 k j . 
Broilers wi th a carcass composition of 17% protein and 65% water are assumed to have 
82% lean body mass. The lean body mass consists of approximately 17/82 x 100 = 2 1 % 
protein and 79% water. 
Energy costs of 1 g of deposited lean body mass (DLM) are 0.21 x 97.1 = 20.4 k j 
corresponding with a heat production belonging to 1 g of DLM of 0.21 x 73.7 kJ = 15.5 
kJ . Finally the amounts of oxygen required for the successive heat productions are 
calculated according to OXc = 0.048 HP (Scheele et al., 1991). 
In the same way values for MEi utilized for protein and fat deposition, heat production 
values, and values for oxygen consumption are calculated for broilers at six weeks of age 
showing different efficiencies for RE/MEi ranging from 0.31 to 0.49. 
Oxygen consumption values for 1 g of deposited protein and for 1 g of deposited fat 
obtained at RE/MEi = 0.31 are both put at a hundred. Values of OXc at other efficiencies 
for RE/MEi are given relatively to the values of 100%. 
All calculated values are presented in Table 3. 
Table 3 shows that energy costs of protein accretion relative to fat accretion are 
considerable. It is also shown that if at a given body weight fat is exchanged by lean body 
mass (protein + water) the total energy costs can be markedly reduced. This means that 
feed conversion ratio can be importantly decreased by such an exchange. Much less feed, 
during a growth period of six weeks, is needed for delivering the energy for 1 g of deposited 
lean body mass compared wi th 1 g of deposited fat. But in terms of heat production and 
oxygen consumption a complete different picture is shown in Table 3. Even deposited lean 
body mass (DLM) with 79% water requires much more HP and OXc than deposited fat (DF). 
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The difference in HP and OXc between deposited lean body mass and deposited fat appears 
to be dependent on RE/MEi. 
TABLE 3. Partitioning of MEi, total energy costs (TEC), and heat production (HP) in k j , and 
oxygen consumption (OXc) in litres (L), per gram of deposited protein (DP), fat 
(DF) and lean body mass (DLM) in broilers. Estimated values are given for 
different energetic efficiencies of ME intake for energy retention (RE/MEi) during 
a growth period of six weeks 
RE/MEi 
0.31 
0.34 
0.37 
0.40 
0.43 
0.46 
0.49 
The difference in HP and OXc between DLM and DF is much less at RE/MEi = 0.31 
compared with RE/MEi = 0.49. Apparently a higher efficiency of RE/MEi is primarily caused 
by a reduction in energy used for deposited fat. Increased values for RE/MEi are 
accompanied with relative small reductions in HP and OXc per gram of DP and DLM and 
with relative large reductions in HP and OXC per gram of DF. 
Buyse et al. (1991) also showed that lipolysis of deposited fat in birds wi th a high energetic 
efficiency for RE was much less than in birds with lower values for RE/MEi. 
Deposited 
fractions 
DP 
DF 
DLM 
DP 
DF 
DLM 
DP 
DF 
DLM 
DP 
DF 
DLM 
DP 
DF 
DLM 
DP 
DF 
DLM 
DP 
DF 
DLM 
TEC 
kJ/g 
125.6 
57.6 
26.4 
114.3 
52.9 
24.0 
104.5 
49.4 
21.9 
97.2 
44.7 
20.4 
90.2 
42.0 
18.9 
84.1 
39.6 
17.7 
79.0 
37.1 
16.6 
HP 
kJ/g 
102.2 
18.7 
21.5 
90.98 
14.0 
19.1 
81.1 
10.5 
17.0 
73.8 
5.8 
15.5 
66.8 
3.1 
14.0 
60.7 
0.7 
12.8 
55.6 
-1.5 
11.7 
OXc 
L/g 
4.9 
0.90 
1.03 
4.36 
0.67 
0.92 
3.89 
0.50 
0.82 
3.54 
0.28 
0.74 
3.21 
0.15 
0.67 
2.91 
0.03 
0.61 
2.67 
-0.07 
0.56 
relative 
values 
100 
100 
100 
89.0 
74.7 
89.0 
79.4 
56.0 
79.4 
72.3 
30.9 
72.3 
65.5 
16.5 
65.5 
59.5 
3.7 
59.3 
54.5 
54.5 
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Oxygen consumption for deposited 
lean body mass (DLM) and deposited 
fat (DF) at FREp=40% 
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Figure 1 Partitioning of oxygen consumption (OXc), utilized for production and 
maintenance, between deposited protein and fat in chickens in centilitres per 
gram (cL/g). Values for OXc are calculated for a total growth period from 0/6 
weeks of age and are presented as a function of energetic efficiency of 
metabolizable energy intake (MEi) for retained energy (RE) in the same period. 
The fraction of deposited protein energy in RE (FREp) in the calculations is 0.40. 
In Figure 1 it is shown that the amounts of oxygen used for DF are decreasing much faster 
than compared wi th OXc used for DLM when RE/ME is increased. This means that an 
exchange of fat for lean body mass relatively will have much more effect for the oxygen 
requirements in birds exhibiting a high energetic efficiency (e.g. in fast growing birds) than 
in birds wi th a low energetic efficiency (e.g. in slow growing birds). Thus if fast growing 
birds showing a high energetic efficiency for RE are selected for a continued decreasing FCR 
this might lead to exchange of fat for lean body mass concomitant wi th higher oxygen 
requirements. If these higher oxygen requirements cannot be matched to an increased 
oxygen supply than oxygen deficit and anoxia will be the result. If slow growing birds using 
more energy for maintenance are selected for a lower FCR resulting in less DF and more 
DLM, this exchange wil l only slightly increase oxygen requirements. Consequently in birds 
exhibiting a low value for RE/MEi an exchange of fat for lean body mass, per se, will not 
cause a mismatch between supply and requirement of oxygen. 
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Oxygen consumption for deposited 
lean body mass (DLM) and deposited 
fat (DF) at FREp=45% 
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Figure 2 Partitioning of oxygen consumption (OXc), utilized for production and 
maintenance, between deposited protein and fat in chickens in centilitres per 
gram (cL/g). Values for OXc are calculated for a total growth period from 0-6 
weeks of age and are presented as a function of energetic efficiency of 
metabolizable energy intake (MEi) for retained energy (RE) in the same period. 
The fraction of deposited protein energy in RE (FREp) in the calculations is 0.45. 
In Figure 2 the partitioning of OXc between DLM and DF is shown in leaner birds (FREp = 
0.45) compared with Figure 1 . An increased RE/MEi in Figure 2 results in an even greater 
effect on OXc used for DF. From this Figure 2 it may be concluded that in these lean birds 
a higher value of RE/MEi than approximately 4 5 % will be impossible. Extrapolation of the 
OXc for DF above values of RE/MEi of 4 6 % leads to negative values for OXc. In both 
Figures (Figure 1 and Figure 2) the measurements, on which the relationships between OXc 
and RE/MEi are based, were obtained at values of RE/MEi, lower than 4 4 % (left of the 
dotted line). 
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Less deposition of fat might be controlled by a downwards regulated fatty acid neosynthesis 
in the liver or by a regulation which stimulates lipolytic activity and which prevents therefore 
accumulation of much fat in tissues. In such a control system thyroid hormones again could 
play an essential role. 
In birds the liver is considered as the main site of fat ty acid neosynthesis (Leveille et al., 
1975). In mammals it has been shown that thyroid hormones are integral to hepatic 
lipogenesis and are inducers of hepatic fatty acid and triglyceride synthesis (Roncari and 
Murthy, 1975). A down regulation of thyroid activity could result in less fat synthesis and 
deposition, concomitant with a low metabolic rate which is also in favour of a low FCR. 
Scanes et al. (1986) reported that lipolysis is the predominant mechanism by which growth 
hormone (GH) reduces body lipid stores in the chicken. A higher lipolytic activity might be 
in favour of a low FCR by exchanging deposited fat for lean body mass. This might occur 
especially in birds fed high fat diets. Lipolytic enzymes could mobilize dietary fat energy in 
metabolism directly for synthesis of protein. On the other hand as far as an increased 
lipolysis enhances metabolic rate and reduces energetic efficiency (RE/MEi) this is opposed 
to a low FCR. 
Circulating concentrations of GH in plasma of chickens are influenced by thyroid hormone 
activity. 
Levels of GH in plasma were elevated in hypothyroid chickens (Scanes et al., 1976) in 
thyroidectomized chickens (Harvey et al., 1983) and in T3 deficient sex linked dwarf 
chickens (Scanes et al., 1983). 
It might be possible that a combined effect of a low thyroid hormone activity reducing 
denovo synthesis of fatty acids and reducing metabolic rate and high levels of GH in plasma 
stimulating lipolytic activity could be responsible for low contents of deposited fat in 
chickens (High values of FREp) and for a low FCR. 
Effects of changes in MEi and energy partitioning, in coherence with changes in levels of 
thyroid and growth hormones in plasma, on metabolic disorders related to supply and 
requirement of oxygen were studied in different experiments. 
In following chapters the experimental results of these changes in metabolism of chickens 
caused by different selection procedures and by different environmental factors, elucidating 
the developments of heart failure and ascites will be discussed. 
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ABSTRACT 
Male broilers of two genetically related stocks with divergent growth rates and feed 
conversion ratios were used to study metabolic backgrounds on the occurrence of 
pulmonary hypertension, heart failure, hypoxemia, and ascites in poultry. An experiment 
w i th a 2 x 2 x 2 x 2 factorial split-plot arrangement of treatments with 96 groups of 12 
broilers was performed. Effects of stock and environmental factors such as ambient 
temperature, dietary fat, and dietary energy on performance, energy metabolism, oxygen 
consumption, haematocrit values, and mortality were investigated in broilers from 1 to 5 wk 
of age. 
Dissimilar responses of the two stocks to environmental factors reflected genotype by 
environment interactions and revealed metabolic disorders related to heart failure and 
ascites. The results indicated that in the stock with the lower feed conversion ratio, a fast 
protein accretion was achieved together wi th a reduced ability to convert chemical energy 
to metabolic heat and to deposit body fat directly from ingested fat. Birds with a low feed 
conversion ratio show less flexibility in metabolic adaptation to a changing environment, 
which can account for the development of ascites. 
(Key words: broiler strains, metabolism, feed conversion ratio, dietary factors, ascites) 
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INTRODUCTION 
Ascites refers to the accumulation of edematous fluid within the abdominal cavity. This 
disease is related to other symptoms having the collective name of "heart failure syndrome" 
(HFS). Heart failure syndrome comprises abnormalities such as hypertrophy of the heart, 
especially of the right ventricle, dilation of the heart and hydropericardium, and congested 
and edematous lungs, as was found by Olander et al. (1967) and Burton et al. (1968). Van 
der Hel et al. (1988) showed that pathogenic abnormalities in hypoxic broilers exposed to 
a decreased partial oxygen pressure of 152 millibar (mb) were comparable wi th those related 
to ascites, observed in Dutch poultry farms. 
Huchzermeyer (1984) and Julian (1987) mentioned various factors and agents which 
contribute to the occurrence of aggravation of ascites and HFS such as salt in feed, 
furazolidone, plant poisons, and other toxins affecting blood pressure and function of liver, 
heart, and lungs. Studies concerning the relationship between low partial oxygen pressures 
at high altitudes and "high altitude disease" provide background data on conditions leading 
tot he development of heart failure and ascites in birds. Generally, avian species are more 
tolerant to high altitudes than are mammalian species (Schmidt-Nielsen, 1983). Domestic 
poultry are an exception. Altland (1961) found that chickens had a much lower altitude 
tolerance than other small warm-blooded animals previously studied. Low partial oxygen 
pressures resulting in oxygen deficiency or hypoxia leads to tissue oxygen deprivation or 
anoxia. The low hypoxia resistance of chickens is related to their relatively low haematocrit 
values, low oxygen-carrying capacity (Rostorfer and Rigdon, 1947), and to the inefficient 
oxygenation of the fowl lung (Sykes, 1960). 
Grover et al. (1983) found in an isolated rat lung that acute and chronic hypoxia had an 
important influence on pulmonary vasomotor tone. Regional reductions in alveolar 0 2 tension 
constricted the nearby arterioles. This prevented the return of poorly oxygenated blood tot 
he left atrium by exploiting primarily the better ventilated alveoli. The same adjustment of 
the regional pulmonary circulation to differences in oxygen tension was found in the duck 
by Scheid and Holle (1978). In such a reduced pulmonary vascular bed, the heart has to 
respond by a more vigorous contraction to overcome the higher f low resistance. The inverse 
proportionality between f low resistance and the fourth power of the f low diameter 
accentuates the effect of pulmonary vasoconstriction, reducing directly the f low passage 
diameter, on the increased workload of the heart. 
Studies of Rosse and Waldmann (1966) showed that anoxia in birds stimulated red blood 
cell production, resulting in higher haematocrit values. Fahraeus and Lindqvist (1931), and 
Levy and Share (1953) found a direct relationship between haematocrit values and blood 
viscosity, which in turn is directly proportional to the f low resistance. A severe pulmonary 
vasoconstriction combined with increased haematocrit values in hypoxic chickens was found 
by Cueva et al. (1974) and Sillau et al. (1980). Heart insufficiency and heart failure 
succeeded pulmonary arterial hypertension and right ventricular hypertrophy in birds that 
died at high altitudes. Symptoms included a severe thickening of the atrioventricular valve 
and a general passive congestion in heart, lungs, and liver, accompanying ascites. 
Heart insufficiency and decreased cardiac output has further consequences. Levy (1979) 
demonstrated that a stepwise decrease in the output of the right ventricle resulted in a 
substantial rise of the venous pressure, including the portal vein and hepatic veins, which 
collect the interstitial fluid from the abdominal cavity. 
The incidence of edema and ascites in hypoxic fowl can be explained as fol lows. The 
transfer of fluid across the thin capillary walls in lung hand liver is enhanced by higher 
resistance and pressure in the arterioles. The reabsorption of the interstitial fluid by the post 
capillary venules and the drainage capacity of the lymphatic vessels can be severely blocked 
by a heightened venous pressure as a result of heart insufficiency. Such a disturbance in the 
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delicate balance of fluids entering and exiting across the capillary walls will finally result in 
edema in lungs, hydropericardium, and ascites. 
Air sacs located in the abdominal cavity are of great importance in regulating the air f low 
rate entering and leaving the avian lung (Akester, 1978). By inhibiting the action of these 
air sacs ascites could further intensify hypoxic conditions leading to death. The incidence 
of high altitude disease, resulting in pulmonary arterial hypertension, right ventricular 
hypertrophy, heart failure, hydropericardium, edema in lungs, and ascites in mammals and 
birds was described by Alexander et al. (1960), Burton et al. (1968), Cueva et al. (1974), 
and Sillau et al. (1980). 
More recently, similar symptoms with high mortality rates were observed in broilers at 
altitudes lower than 2,000 m (Van Blerk, 1985) and even at sea level (Julian et al., 1987; 
1989; Scheele and Frankenhuis, 1989). These studies indicated that factors other than a 
decreased oxygen pressure can create hypoxic conditions in fast-growing meat-type 
chickens. A low environmental temperature, stimulating the metabolic rate and causing an 
increased oxygen requirement, had a marked effect on the incidence of HFS and ascites. 
Julian et al. (1987) indicated that rapidly growing broilers are more susceptible to increased 
pulmonary arterial pressure than slowly growing broilers. Fast-growing chickens might 
exhibit elevated metabolic rates and a faster blood f low together wi th higher oxygen 
requirements. As a result, the mechanism of pulmonary vasoconstriction, which functions 
to improve the oxygen saturation of the systematic arterial blood and the increased work 
load of the heart, could have reached a critical level. A continuing genetic and nutritional 
improvement in growth rate therefore may result in an increased incidence of HFS and 
ascites. 
Modern selection programs deal with a decreased feed conversion ratio (FCR). A better FCR 
can be obtained by reducing fat deposition in favour of increased protein accretion and by 
reducing energy requirements for maintenance. When combined wi th a considerable 
accumulation of water, protein accretion saves more feed energy than fat accretion does. 
Solun et al . (1972) showed that a lowered thyroid hormone production in farm animals, 
which is related to a reduced intensity of cell oxidation, and a diminished oxygen 
requirement, resulted in a low FCR. Wethli and Wessels (1973) confirmed these 
relationships, and reported a tendency toward a low thyroid activity in chickens exhibiting 
a low FCR. 
Oxygen consumption is important with respect to HFS and ascites. Therefore, the results 
of investigations of Stewart et al. (1980) and Stewart and Muir (1982) wi th different 
populations of chickens selected for high and low 0 2 consumption supplied most interesting 
facts. Selection for low oxygen consumption resulted in a significantly better FCR and in a 
faster-growing and leaner bird. 
From these results the hypothesis postulated in this study was that a genetic improvement 
in FCR, in growth rate, and in protein to fat ratio, at least in some populations, might be 
correlated wi th a reduced ability to consume oxygen. Environmental factors such as low 
ambient temperature can stimulate the metabolism and increase the oxygen requirement. 
In these circumstances such birds will approach their long term metabolic limit (Scheele and 
Frankenhuis, 1989). This could initiate pulmonary hypertension and polycythemia, producing 
the same cardiac events and edema as occurs under conditions of high altitude. The 
objective of the present research was to study effects of ambient temperature, energy 
density of diets, and dietary fat content as factors used to stimulate metabolism in male 
broilers of two genetically related populations wi th divergent growth rates and FCR. 
Dissimilar responses of these populations to the stimulating factors could reflect genotype 
by environment interactions, revealing metabolic disorders related to HFS and ascites. The 
present study provides values for performance, energy metabolism, oxygen consumption, 
and haematocrit values at different ages during an experiment of 4 wk duration. 
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MATERIALS AND METHODS 
Chickens 
Chickens of two genetic groups were used: 1) a pure broiler sire populations (SS)1, primarily 
selected for a low FCR combined with a high BW gain; and 2) a commercially available 
broiler cross (BC)1 in which SS was one of the grandparental populations. 
Preliminary Period 
The two stocks were raised at two ambient temperature (Ta) regimens from 0 to 1 wk of 
age. The Ta was gradually reduced, once a day, from 30 to 25 C and from 33 to 30 C, 
respectively, for each regimen. During this period, all chicks received a standard broiler diet 
containing 13.4 MJ2 AMEn and 215 g CP per kilogram. All chicks were spray vaccinated 
against Newcastle disease wi th the La Sota strain at 6 days of age. 
Experimental Period 
The experiment lasted from 1 through 5 wk of age. At 1 wk of age, birds from one Ta 
treatment and stock (a flock) separately were divided into six weight classes (52 birds per 
class). Twenty-six groups of 12 birds were formed from each flock by randomly taking 2 
birds from each weight class making one group. From each flock, 2 of the 26 groups were 
killed by carbon dioxide inhalation and prepared for chemical analysis; these two groups 
served as reference groups in the energy balance measurements. The remaining 96 groups 
of 12 birds were placed in 96 battery cages (1x.6 m) on raised wire floors arranged in four 
climatic rooms, three tiers, and eight cages. 
Temperature Regimens and Environment 
Starting at 1 wk of age, two experimental Ta were used: a cold Ta distinctly below the zone 
of thermoneutrality of these chicks during the experimental period (Ta low) and a normal 
rearing Ta for that period (Ta high). The birds raised at a pretreatment regimen of 33 to 30 
C were exposed to a regimen of 30 to 22 C (Ta high) and those raised at 30 to 25 C were 
exposed to a regimen of 25 to 15 C (Ta low). During the period from 1 to 5 wk of age, the 
ambient temperatures were gradually reduced once a day. Relative humidity was kept 
constant to 6 0 % for both Ta regimens. Continuous light was given during the first 3 days 
in the batteries. After this time, a light regimen of 1 h light and 2 h of darkness was applied. 
Diets 
The dietary experimental factors applied were energy and fat content. Two AME levels (low 
and high) and two fat levels (low and high) were used, making four different diets. The 
diets, fed in mash form, were composed of normally available feed ingredients such as 
maize, maize starch, maize gluten meal, maize gluten feed, wheat middlings, sugar, soybean 
meal, full fat soybeans, soybean oil, fish meal, sunflower meal, synthetic lysine and 
methionine, limestone, and commercial mineral and vitamin mixtures. For the digestibility 
experiment . 1 % Cr203 was added as a marker. 
1Euribrid BV, 5831 JN Boxmeer, The Netherlands. 
21 MJ = 239 kcal. 
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birds showed a better FCR than the BC birds during the entire experimental period. 
Generally, a low feed intake was accompanied by a low FCR (Tables 2 and 3). 
Consequently, a high AME and high fat content had a positive effect (P<.001) on FCR. 
The positive effect of a high Ta on FCR increased wi th age. 
Significant effects (P<.05) of Ta on Ht values were found at 2 and 5 wk of age (Tables 
2 and 4). Stock had an increasing effect on Ht values wi th age, with differences being 
signif icant at 3 wk (P<.05) and highly significant at 4 and 5 wk (P<.001) . Effects of 
dietary energy and fat on Ht values were only significant (P<.05) at the end of the 
experimental period at 4 and 5 wk of age, respectively. At different ages, distinctly higher 
Ht values were found at a low Ta and in SS birds (Table 4). 
Interactions Between Stocks and Ambient Temperatures 
Some important and highly significant interactions between stocks and Ta on performance 
traits were found (Tables 2 and 5). The effect of Ta on BW gain at 3, 4 , and 5 wk of age 
was highly dependent on stock. The low Ta stimulated BW gain of the BC broilers but 
affected BW gain negatively in the SS stock. 
Also, the effect of Ta on feed intake was significantly (P<.001) dependent on stock 
(Tables 2 and 5). As the low Ta was clearly below the zone of thermoneutrality for these 
chickens (Scheele et al., 1987), the BC broilers demonstrated a normal reaction at the low 
Ta by a distinctly increased feed intake compared with intake at the high Ta. However, the 
reaction of the SS broilers on the low Ta was strikingly different. Compared with the BC, 
the SS broilers only slightly increased feed intake in the cold environment, indicating that 
these birds were not able to consume sufficiently more energy to produce the extra heat 
demanded by the cold environment. Consequently, the BW gain of the SS birds, in 
contrast to the BC birds, was negatively affected by the low Ta. The relatively low level 
of feed intake of SS birds at a low Ta is also reflected in the interaction of stock and Ta 
on FCR (Tables 2 and 5). Due to the rather constant feed intake, FCR of the SS birds 
increased only slightly at a decreased Ta, but this was clearly different from the BC birds. 
At 4 wk of age, the effort of Ta on Ht values was strongly dependent on stock. The SS 
birds probably had a shortage of oxygen consumption at a low Ta. 
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Interactions Between Dietary Fat Content and Other Experimental Factors 
Effects of dietary fat on the performance of the broilers were significantly dependent on 
Ta and stock, as is shown in Tables 2 and 6. It is important to note that interactions 
between dietary energy and Ta or stock differed among the cases. This indicated that the 
effects of dietary fat in the interactions were mainly independent of effects of dietary 
crude fiber. In periods 1 to 3, 1 to 4, and 1 to 5 wk of age the fat by Ta interaction was 
clearly affecting BW gain. In these periods the combination of low Ta had a stimulating 
effect on BW gain. 
By lowering Ta, the increase in feed intake was less wi th the high than with the low fat 
diet (Tables 2 and 6). The birds seemed to be inhibited from consuming more feed if the 
diets contained a high quantity of fat. These results indicated that chickens had problems 
metabolizing large quantities of dietary fat. The notably improved FCR at a high fat 
content, even when BW gain was reduced, was affected greatly by the inhibited feed 
intake. Especially in the last weeks, the effect of an increased fat content on FCR was 
much greater at a high Ta than at a low Ta. 
At 2 and 3 wk of age, a significant (P<.01) interaction between fat and stock affecting 
BW gain was revealed (Tables 2 and 6). In these periods, the difference between stocks 
was markedly more pronounced at the low than the high fat level. The SS broilers 
obviously could not fully utilize their higher capacity for growth when high fat diets were 
fed. 
An interesting difference was found between stocks at 1 to 2 wk and 1 to 3 wk of age 
in their feed intake response to differences in dietary fat content (Tables 2 and 6). Only 
with low fat diets did the SS consume significantly (P<.05) more feed than the BC. This 
indicates that the SS chickens were more sensitive to a high fat content in diets than the 
BC broilers. 
In regard to FCR, the differences between stocks during the first experimental week were 
significantly (P<.05) greater at a low dietary fat level compared wi th a high fat content 
(Tables 2 and 6). The high productive capacity of the SS was reduced when environmental 
circumstances were less favourable. Another interaction affecting FCR significantly 
(P<.001) was dietary AME by dietary fat level. The beneficial effect of a high fat content 
on FCR as a result of a lowered feed intake was most pronounced in high energy diets. In 
fact , the high fat content prevented an overconsumption of dietary energy, which can 
happen when highly concentrated diets are fed. 
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TABLE 6. The significant (P<.05) interactions of dietary fat1 with ambient temperature, 
with stock, and with dietary AME, on performance data of broilers at different 
ages 
Exp. 
Period 
1 to 3 w k 
1 to 4 w k 
1 to 5 w k 
1 to 2 w k 
1 to 3 w k 
1 to 3 w k 
1 to 4 w k 
1 to 5 w k 
1 to 2 w k 
1 to 3 w k 
1 to 2 w k 
1 to 3 w k 
1 to 2 w k 
1 to 2 w k 
1 to 3 w k 
1 to 4 w k 
Low fat 
Low Ta 
1 
1 
BC 
Low 
635 
,094 
,558 
317 
902 
1.41 
1.54 
1.67 
Fat 
High Ta 
1 
1 
Low fat 
228 
606 
304 
865 
1.34 
Low 
AME 
1.34 
1.44 
1.56 
621 
,092 
,533 
297 
847 
1.37 
1.47 
1.61 
Fat x 
SS 
fat 
x Ta 
High fat 
Low Ta High Ta 
Body weight gain (g) 
587 600 
1,030 1,066 
1,483 1,515 
Feed intake (g) 
285 275 
811 780 
Feed conversion ratio (g:g) 
1.39 1.30 
1.52 1.40 
1.65 1.54 
stock 
High fat 
BC SS 
Body weight gain (g) 
248 
651 
311 
884 
Feed 
1.26 
Fat > 
High AME 
Feed 
1.25 
1.34 
1.45 
222 228 
583 604 
Feed intake (g) 
282 278 
800 792 
conversion ratio (g:g) 
1.27 1.22 
AME 
High fat 
Low AME High AME 
conversion ratio (g:g) 
1.32 1.17 
1.41 1.28 
1.52 1.39 
LSD,2 
12 
22 
35 
7 
16 
.01 
.01 
.02 
6 
12 
6 
16 
.01 
.01 
.01 
.01 
L S D / 
18 
17 
38 
14 
32 
.04 
.02 
.01 
Ta = two ambient temperatures; Stock = two genetic groups of broilers, a pure line primarily 
selected for a low feed conversion ratio (SS) and a commercially available broiler cross (BC) in which 
SS was one of the grandparental lines: AME and dietary fat (fat) both at two levels. 
2LSD, = least significant difference comparing two means within the same temperature regimen. 
3LSD2 = least significant difference comparing two means with different Ta regimens. 
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Mortality Rates 
The mortality rate was 4.5%. Heart failure syndrome and ascites were the most important 
causes of death. Deaths related to experimental factors are shown in Table 7. Table 7 also 
lists numbers of dead birds in which no pathogenic abnormalities were found other than 
HFS or ascites. From 36 birds with severe symptoms of HFS and ascites, 24 birds 
belonged to the SS stock kept at a low temperature. 
TABLE 7. Total mortality during the experimental period, and mortality caused by heart 
failure syndrome (HFS) and ascites (number of birds) 
Dietary factors 
Ta Stock Low 
AME 
High 
AME 
Low 
fat 
High 
fat 
Mortal i ty 
Total 
HFS 
Ascites 
Low 
37 
10 
18 
High 
15 
6 
2 
BC 
14 
5 
2 
SS 
38 
11 
18 
30 
12 
12 
22 
4 
8 
28 
10 
11 
24 
6 
9 
1Ta = two ambient temperatures; Stock = two genetic groups of broilers, a pure line primarily 
selected for a low feed conversion ratio (SS) and a commercially available broiler cross (BC) in which 
SS was one of the grandparental lines: AME and dietary fat (fat) both at two levels. 
Energy Metabolism 
In Table 8, the probability values of significance tests of effects of the experimental factors 
on energy metabolism parameters over the period from 1 to 5 wk of age are presented. 
The means of energy metabolism data for the levels of the experimental factors are given 
in Table 9. The MEi per unit of metabolic BW was strongly affected by all factors. With the 
exception of Ta, the experimental factors appeared to have marked effects on RE per unit 
of metabolic BW. The effects of the dietary factors were highly significant (P<.001) . The 
RE per unit of metabolic BW was higher in the BC than in the SS birds. When energy 
retention is expressed in kilojoules per day per bird, the RE, as well as deposited protein 
and fat in grams per day per bird, were highest in the SS birds. The ratio of energy 
deposition to BW gain was different for both stocks. High energy and low fat diets clearly 
favoured RE per unit of metabolic weight. Oxygen consumption was enhanced by a low 
Ta, which was directly related to a higher heat production. 
High energy and low fat diets showed the highest rate of deposition of protein and fat, 
which correlates with the higher MEi values with these diets (Tables 8 and 9). Protein 
deposition, and thus also accumulation of water, was significantly (P< .001 ) higher in SS 
birds than in BC birds. Weight gained through water retention is reflected in the better FCR 
of SS stock. 
All experimental factors had important effects on the energetic efficiency of the diets for 
BW gain expressed as BW gain:MEi (Tables 8 and 9). The highest efficiency was obtained 
at a high Ta, from SS birds, with low AME and high fat content in diets. In all these cases, 
the high efficiencies corresponded to relatively low values for MEi. 
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TABLE 8. Probability values of significance tests of effects of experimental factors1 on 
AME intake (MEi), energy retention (RE), and oxygen consumption (OXc) all 
calculated per metabolic weight (W*) , on deposited fat (RF) and protein (RP), 
and on efficiency of MEi for body weight gain (BWG/MEi) in broilers from 1 to 
5 wk of age 
Variable Ta Stock (S) AMEi (E) Fat (F) Ta x S Ta x E Ta x F S x E S x F E x F 
MEi/W* * * * * * 
RE/W* 
OXc/W* 
RF 
pp * * * 
BWG/MEi ** 
'Ta = two ambient temperatures; Stock = two genetic groups of broilers, a pure line primarily 
selected for a low feed conversion ratio (SS) and a commercially available broiler cross (BC) in which 
SS was one of the grandparental lines: AME and dietary fat (fat) both at two levels. 
2MEi and RE in kilojoules per day (1kJ = .239 kcal); OXc in liters per day; W* = mean body weight 
in kilograms to the power .75; RF and RP in grams per day; BWG/MEi in grams per megajoule. 
*P<.05 
**P<.01 
***P<.001 
Interactions Between Factors in Respect to Energy Metabolism 
The Ta factor was involved in all important interactions affecting energy metabolism 
variables. The highly significant (P<.001) effect of the interaction of Ta by stock on MEi 
per metabolic weight pointed distinctly to the relative low MEi at a low Ta of the SS birds 
compared with the BC birds. At a high Ta, SS birds did not consume less energy than BC. 
Also the effect of the Ta by stock interaction on OXc revealed striking differences in 
metabolism (Table 10). At a low Ta, a higher OXc was required in both stocks to meet the 
increased demand for heat production. But at the same metabolic BW, the OXc at a low 
Ta was significantly (P< .01 ) lower for the SS than for the BC. At a low Ta the SS stock 
was not able to consume enough oxygen to maintain the relatively high metabolic rate 
compared with the BC, as was demonstrated at a high Ta. consonant with those findings 
was the effect of the Ta by stock interaction on BW gain:MEi. Due to a low heat 
production rate at a low Ta, the relatively high energetic efficiency of the SS for growth 
differed more from that of the BC at low Ta than at high Ta. The significant interaction 
(P<.01) between Ta and AME for BW gain:MEi indicated that at a high Ta the birds 
exhibited an overconsumption of dietary energy through high energy diets. 
The significant (P<.05) interaction between Ta and fat in the effect on MEi per metabolic 
BW means that at a high Ta the depressing effect of fat on MEi was more pronounced than 
at a low Ta (Table 10). A significant (P<.05) interaction of Ta by dietary fat was found 
in the effect on OXc. Despite a depressed MEi caused by a high dietary fat level, the heat 
expenditure at the low Ta, and thus the oxygen consumption, were enhanced by that high 
fat level. As a result the energetic efficiency BW gain:MEi also was affected by the 
interaction of Ta by dietary fat (P<.001) . A beneficial effect of a high dietary fat content 
caused by a reduced MEi on BW gain:MEi was found only at a high Ta. The high dietary 
fat level reduced MEi noticeable less at a low Ta. Furthermore, a high fat level resulted in 
a higher heat expenditure at a low Ta. Consequently, at a low Ta, no positive effect of a 
high fat level on BW gain:MEi was found. 
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TABLE 10. The significant (P<.05) interactions of Ta1 with stock, with dietary AME and 
with dietary fat on AME intake (MEi), and oxygen consumption (OXc) both 
calculated per metabolic weight (W*) , and on efficiency of MEi for body 
weight gain (BWG/MEi) in broilers from 1 to 5 wk of age 
Variable2 
MEi/W* 
OXc /W* 
BWG/MEi 
BWG/MEi 
MEi /W* 
OXc /W* 
BWG/MEi 
Ta x 
Low Ta 
BC 
1,369 
38.6 
45.1 
Low 
Low AME 
46.8 
Low 
Low fat 
1,355 
36.8 
46.6 
SS 
1,314 
36.7 
48.1 
Ta x 
Ta 
High AME 
46.4 
Ta 
Ta 
High fat 
1,329 
38.6 
46.6 
stock 
High Ta 
BC SS 
1,271 1,276 
32.7 33.6 
48.4 50.1 
AME 
High Ta 
Low AME High AME 
49.9 48.5 
x Fat 
High Ta 
Low fat High fat 
1,299 1,248 
33.2 33.0 
48.4 50.1 
LSD,3 
15 
1.3 
.6 
.6 
15 
1.7 
.6 
LSD24 
13 
1.3 
.5 
.5 
13 
1.7 
.5 
'Ta = two ambient temperatures; Stock = two genetic groups of broilers, a pure line primarily 
selected for a low feed conversion ratio (SS) and a commercially available broiler cross (BC) in which 
SS was one of the grandparental lines: AME and dietary fat (fat) both at two levels. 
2MEi and RE in kilojoules per day (1 k j = .239 kcal); OXc in liters per day; W* = mean body weight 
in kilograms to the power .75; RF and RP in grams per day; BWG/MEi in grams per megajoule. 
3LSD, = least significant difference comparing two means within the same Ta regimen. 
4LSD2 = least significant difference comparing two means with different Ta regimens. 
DISCUSSION 
Stimulating the metabolism of two different broiler populations by Ta and by dietary 
factors resulted in dissimilar responses revealing metabolic dysfunctions. Interactions 
between stock and ambient temperature or dietary fat demonstrated clearly that the SS 
birds, which were selected primarily for a low FCR, were more sensitive to stimulating 
factors than the commercial BC birds. The SS birds had difficulty adapting to changes in 
their environment. Consequently, differences in BW gain, feed intake, FCR, Ht values, MEi, 
OXc, and weight gain:MEi between stocks were markedly dependent on environmental 
temperature and also on dietary fat level. The relative retardation of BW gain and feed 
intake and the relatively high Ht values of SS broilers compared with BC birds when 
metabolism was forced were similar to effects found under hypoxic conditions (Sillau et 
al., 1980; Van der Hel et al., 1988; Julian et al., 1989). 
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The high Ht values in SS birds at a low Ta corresponded very well wi th the observed low 
level of OXc per metabolic BW compared with the BC broilers. This result is similar to those 
reported from experiments under hypoxic conditions, and indicates the inability of the SS 
birds to adapt metabolically to changes in the environment. The SS chicks hardly increased 
their feed intake or MEi at the low Ta compared with the high Ta. 
As protein gain was not affected by Ta, the difference in FCR and in BW gain:MEi between 
the two stocks was most pronounced at a low Ta. clearly, a high energetic efficiency for 
growth can have a negative significance when this is connected to a situation of stress. 
The results indicated that the SS birds grown at the low Ta were forced to save energy at 
the cost of heat production and fat deposition, perhaps because they did not have the 
capacity for a high rate of combustion of chemical energy. The low heat production rate 
and low OXc at low temperatures signals inadequate metabolic action. Under unfavourable 
environmental conditions, this can lead to imbalances resulting in pulmonary hypertension, 
cardiac hypertrophy, heart failure, hypoxemia, and finally, to edema resulting in ascites. 
The results indicated a relationship between a low rate of OXc and FCR, particularly at a 
low Ta. This confirms the results of Stewart and Muir (1982). Selection for a low FCR may 
be accompanied by a decreased respiratory exchange, which might be related to an 
inability to consume sufficient oxygen. This concept is sustained by observations of 
Huchzermeyer et al. (1988), who reported that commercial broiler strains differ in their 
susceptibility for pulmonary hypertension syndrome. It was concluded that an effective 
abatement of diseases like ascites could be encouraged by examining the development of 
relevant metabolic parameters during selection of the domestic fowl on exterior traits like 
growth rate and FCR. 
Mortality was not high in the present experiment. However, two-thirds of the examined 
dead birds suffering from HFS or ascites belonged to the SS broilers kept at a low Ta. At 
a low Ta, SS birds demonstrated a lower OXc and higher haematocrits relative to the BC 
broilers. This is in agreement with findings reported by Sillau et al. (1980), Van Blerk 
(1985), and Van der Hel et al. (1988), who related symptoms of heart failure and edema, 
including ascites and high haematocrits, to a lowered partial oxygen pressure. 
Notably, the SS birds fed high AME diets showed higher haematocrits in the 4th wk of age. 
As concentrated diets stimulate metabolism, this interaction between stock and dietary 
energy level illustrated that SS birds were near their long term metabolic limit. Effects of 
different dietary AME levels in this experiment were as expected. The high energy diet had 
a positive effect on BW gain and energy retention. The birds fed the low energy diets tried 
to compensate by consuming more feed, however, they were not able to eat the same 
amount of AME per day as birds fed the high AME diets. The latter deposited more fat but 
only slightly more protein. As a result of the lower MEi, a relatively high level of protein 
deposit ion, and a considerable accumulation of water, the birds fed the low AME diets 
exhibited the highest energetic efficiency for BW gain. 
In some cases the main effects of low energy diets and of high fat diets were similar. Low 
energy and high fat diets with relatively high crude fiber contents showed a reduced 
energy consumption resulting in a lower BW gain and in less deposition of fat. This 
indicates that a high crude fiber content might have contributed to the effects of these 
diets. The important differences among effects of low energy and high fat point to the 
important role of dietary fat per se in this experiment. 
First, the observed reductions in BW gain and feed intake caused by high fat diets were 
most pronounced in high energy diets. In high energy diets, crude fiber with maximum 
contents of 34 g/kg feed was of minor importance. Therefore, the effects of high fat diets 
indicated that both stocks exhibited problems in either digestion of fat or in lipid 
metabolism after intestinal absorption. 
Second, the highly significant interactions between dietary fat and whether stock or 
ambient temperature illuminated the specific role of fat as a source of dietary energy in 
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poultry metabolism. It appeared that the SS chickens were less tolerant of the high fat 
diets than the BC chicks. At the low fat level, the SS birds exhibited the greater positive 
difference in BW gain, feed intake, and FCR compared wi th BC broilers. In these 
circumstances, the SS birds showed that, relative to the BC birds, they were able to 
consume large quantities of feed including low energy diets. A striking result was obtained 
by comparing the SS birds with the BC birds at 3 wk of age when fed diets with a high fat 
content. The feed intake of these SS birds was even less than that of the BC. 
The negative impact of high dietary fat levels on SS chickens reflected the greater 
sensitivity of this stock for stressing factors in metabolism. High fat diets primarily resulted 
in less deposition of fat, protein deposition was only slightly affected, and the overall result 
was a better FCR. This may indicate that in some cases a low FCR can be associated with 
an inhibition of metabolism, which could cause metabolic disorders. 
Rand et al. (1958), Renner (1964), and Brambila and Hill (1966) reported that the chicken 
is tolerant of low carbohydrate and high fat diets up to 30% dietary fat. Comparing their 
results obtained more than 20 yr ago with the present experiment wi th modern broiler 
stocks indicates that selection can create birds wi th less tolerance to high fat diets. At 5 
wk of age, increased dietary fat resulted in significantly higher Ht values. Combustion of 
fat energy to heat requires more oxygen than combustion of carbohydrate energy. 
Differences in dietary fat interacted importantly wi th differences in Ta. Especially at the 
low Ta the depressing effect of fat on feed intake and MEi and on BW gain was clearly 
pronounced. When a higher intake was needed because of a higher thermal demand of the 
environment, the birds fed the high fat diets were not able to consume enough feed to 
meet their energy requirements for growth. Problems wi th digesting large quantities of fat 
could explain the low energy intake within high fat diets. The observed high digestion 
coefficients of fat (Table 1), in the present experiment, however, point to other causes. At 
a low Ta, even when high fat diets lowered MEi, virtually no effect on protein deposition 
could be found. Furthermore, heat production and OXc were significantly higher with high 
fat diets compared with low fat diets. Obviously, digestion of fat was more than sufficient 
to deliver the fuel needed for protein synthesis and for combustion to heat. The clearly 
depressed deposition of body fat by chickens consuming high fat diets reveals problems 
in the synthesis and retention of body fat. 
Studies of Leveille et al. (1975), Hillard et al. (1980) and Tanaka et al. (1983) elucidated 
how a high dietary fat content exerted a depressing effect on hepatic lipid synthesis either 
by the dietary fat level per se or by the simultaneously decreased carbohydrate level in the 
diet. Carew and Hill (1964) found that, in spite of such a reduced fat synthesis, the 
deposition of fat in chicken tissues directly from ingested fat was clearly enhanced as the 
dietary level of corn oil was increased up to 22 .5%. Carew et al. (1963) also found 
beneficial effects of high levels of dietary soybean oil, independent of density of diets, on 
BW gain of chickens. This is in marked contrast with the results of the present study using 
low and high levels of soybean oil. Possibly, SS and BC birds have limited abilities to 
synthesize or to deposit fat, because selection for FCR is correlated wi th lower body fat 
values. 
During selection for characteristics such as FCR, which will have an impact on metabolism, 
attention may have to be given to changes in metabolic parameters governing heat 
production and oxygen consumption (maintenance) and protein and fat synthesis. Only 
then, a development of undesired pathways in metabolic processes can be avoided. The 
results of the present experiment suggest that in the SS birds, a fast protein gain was 
achieved together wi th a reduced ability of converting chemical energy to heat and of 
depositing fat in tissues directly from dietary fat. Such metabolic reductions point to less 
flexibility in adaptation of metabolism to a changing environment. Finally, the additive sum 
of these kinds of stressing factors can account for development of metabolic disorders 
such as heart failure syndrome and ascites. 
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ABSTRACT 
Effects of different broiler stocks, ambient temperature (Ta), dietary energy content (AME) 
and dietary levels of unsaturated fat on plasma thyroid and growth hormone concentrations 
and energy metabolism were studied. An experiment wi th a 2 x 2 x 2 x 2 factorial split-plot 
arrangement of treatments wi th 96 groups of 12 male broilers each was performed. Blood 
samples were taken at 3, 4 , and 5 wk of age. Energy metabolism parameters were 
determined over an entire period from 1 to 5 wk of age. 
Chickens from a line selected for fast growth rate and low feed conversion ratio but also 
more sensitive to heart failure syndrome and ascites (Line SS) than commercial birds (Line 
BC) exhibited the greatest responses to experimental factors. Differences in levels of plasma 
thyroxine (T4), triiodothyronine (T3), reverse triiodothyronine (rT3), and growth hormone 
(GH) between stocks at different ages were highly dependent on Ta and dietary fat content. 
Differences in heat production per metabolic weight, percentage of retained fat energy in 
retained energy, and efficiency of AME intake for retained energy between stocks 
corresponded to differences in hormone levels. 
High-fat diets (polyunsaturated fatty acids) inhibited the extra thyroidal conversion of T4 to 
T3 in both stocks. Differences between stocks in T3 and rT3 levels in plasma indicated that 
BC birds (in contrast to SS birds) were better able to compensate for an inhibited T4 
conversion to T3 by producing more T4. Overall results suggest that the occurrence of HFS 
and ascites in SS birds could be initiated independently by different factors. These factors 
might be a limited thyroid hormone production and a lower capacity for oxygen consumpt-
ion. An inverse relationship between T3 and GH levels found in particular combinations of 
experimental factors, together with changes in fat deposition, support published concepts 
about the positive effects of T3 on lipogenesis and GH on lipolysis. 
{Key words: broiler stocks, environmental factors, thyroid hormones, growth hormones, 
ascites) 
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INTRODUCTION 
Selection for improved feed conversion ratio (FCR) results in more body mass with less feed. 
In a previous paper, Scheele et al. (1991) reported that no differences were found in 
digestibility or dietary AME values between two broiler stocks exhibiting differences in FCR. 
Consequently, in terms of energy, there are two possibilities that explain the difference in 
FCR between these stocks. 
First, when the metabolic rates (heat production) for both stocks are equal then more 
favourable FCR can be achieved only by decreased energy content per unit of body weight 
gain. The deposition of fat, which has a high energy content, should thus be replaced by 
deposition of lean tissues (protein and water), which have much lower energy content. 
The second explanation for reduced FCR is that the energy requirement for maintenance is 
decreased, resulting in a lower metabolic rate, less heat production, and less oxygen 
consumption. The broiler population selected for a low FCR (Line SS) described by Scheele 
et al. (1991) showed a marked susceptibility to metabolic dysfunctions such as heart failure 
syndrome (HFS) and ascites under unfavourable environmental conditions. 
At low ambient temperature (Ta), the SS birds exhibited decreased fat deposition and a 
lower rate of oxygen consumption than a broiler population (Line BC) resulting in poorer FCR 
and less susceptibility for ascites. Siegel (1984) suggested that carcass fat may be reduced 
through selection for improved feed efficiency but that there also might be unknown 
correlated responses in other traits to such selection. 
Studying metabolic rate and fat synthesis, including endocrine systems regulating 
metabolism, could provide more insight into the origin of HFS and ascites and into effects 
of selection programs that induce susceptibility for such metabolic disturbances. It is well 
known that thyroid activity is important in controlling both metabolic rate and lipogenesis. 
Klandorf et al. (1981) showed that metabolic rate in poultry is reduced fol lowing 
thyroidectomy. Administration of thyroxine (T4) increases metabolic rate (Arieli and Berman, 
1979). Kittok et al. (1982) reported that sensible heat loss was increased after 
administration of triiodothyronine (T3). Oxygen consumption, which is of special interest 
w i th regard to HFS and ascites, was correlated positively wi th the circulating T3 
concentrations in chickens between 1 and 8 wk of age (Bobek et al., 1977). Generally, it 
is accepted that T3 is the principal metabolically active thyroid hormone. 
Many studies with laboratory animals and humans have shown that mammalian thyroid 
hormones are integral to hepatic lipogenesis, and are inducers of hepatic fatty acid and 
triglyceride synthesis (Roncari and Murthy, 1975). The synthesis and activity of hepatic 
lipogenic enzymes is stimulated by T3 (Mariash et al., 1980; Towle et al., 1980). 
Triiodothyronine is an inducer of abundant mRNA coding for hepatic lipogenic enzymes 
(Topliss et al., 1983; Dozin et al., 1986). The liver is considered as the main site of fatty 
acid neosynthesis in birds (Leveille et al., 1975). 
In rapidly growing juvenile animals, anabolic processes involved in protein synthesis will 
have priority over lipogenesis; Therefore T3 production that is just below the optimal 
requirement for anabolism might cause a more pronounced reduction of fat synthesis than 
of protein synthesis. It was hypothesized that in SS broilers (Scheele et al., 1991), primarily 
selected for a lower FCR and for fast growth, the low FCR was induced by a slight reduction 
in the capacity of thyroid hormone production. Under optimal environmental conditions such 
a reduction should not necessarily impair protein synthesis but might induce a lower 
metabolic rate, less oxygen consumption, and also less synthesis of fat in the liver. This 
assumption was supported by results from other broiler populations differing widely in FCR 
and carcass fat content (Leenstra et al., 1991). In those experiments it was demonstrated 
clearly that the selection line with the lowest FCR and fat content (FC Line) exhibited the 
lowest T4 concentrations in plasma at different ages. A line by sex interaction also revealed 
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that males of a line that combined fast growth with a low FCR had notably lower T3 
concentrations than the males of the other line which had high fat content. 
It was thought that SS birds (Scheele et al., 1991) could be limited in their production of 
thyroid hormones and that this could be shown by feeding them diets wi th high levels of 
polyunsaturated fatty acids. In mammals, polyunsaturated fatty acids influence thyroid 
hormone physiology substantially and inhibit the extrathyroidal conversion of T4 to the more 
active T3 (Chopra et al., 1985). In particular, unsaturated acids impair T3 binding to T3 
nuclear receptors (Wiersinga et al., 1988). In chicks hepatic lipid synthesis is depressed by 
dietary fatty acids (Yeh et al., 1970; Leveille et al., 1975; Tanaka et al., 1983). 
Thus, if SS birds selected for a low FCR were limited in their production rate of thyroid 
hormones, diets wi th a high content of polyunsaturated fatty acids should suppress 
concentrations of T3 in plasma, which should reduce the metabolic rate further. Fat 
synthesis would be even more suppressed by the additional interference of unsaturated fatty 
acids in T3 induction of hepatic lipogenic enzymes. In BC birds (Scheele et al., 1991), 
effects of fatty acids could be neutralized partially by increased production of thyroid 
hormones. The study with rats by Clarke and Hembree (1990) supports these ideas showing 
that polyunsaturated fatty acids are competitive inhibitors of the T3 induction of hepatic 
lipogenic enzymes, and revealing that an increase in the dose of supplemental T3 overcomes 
the ability of fatty acids to suppress the induction of malic enzymes or fatty acid synthase. 
Thyroid hormone activity influences plasma concentrations of growth hormone (GH). 
Administration of thyroid hormones depresses circulating concentrations of GH in chickens 
(Scanes et al., 1986; Decuypere et al., 1987). Furthermore, plasma concentrations of GH 
were elevated in hypothyroid chickens (Scanes et al., 1976), in thyroidectomized chickens 
(Harvey et al., 1983), and in T3-deficient, sex-linked dwarf chickens (Scanes et al., 1983). 
All of these reports strongly suggest that there is a negative correlation between T3 and GH 
concentrations in the plasma of chickens. Concomitant with this relationship is the observed 
effect of GH on lipid metabolism. Increased levels of GH will increase lipolysis (Harvey et al., 
1977a). It is not clear whether this increased lipolysis is a direct effect or whether it is 
acting in concert wi th altered T3 activity. Also, a combined effect of T3 and GH in 
regulating lipogenesis and lipolysis could be possible. 
Scheele et al. (1991) provided data on performance, mortality, energy metabolism 
parameters, and haematocrit values from an experiment wi th two broiler populations wi th 
divergent growth rates and FCR and also differing in susceptibility for metabolic disorders 
(ascites). The purpose of the present study is 1) to examine in the same experiment effects 
of environmental factors on plasma concentrations of thyroid and growth hormones in the 
two broiler populations; 2) to compare effects on hormonal parameters wi th effects on heat 
production per metabolic weight, fat energy retention as a percentage of energy retention, 
and efficiency of AME intake for retained energy, and with the previously published effects 
related to susceptibility to ascites in this experiment. The birds were subjected to following 
factors: 1) two Ta (low-Ta, high-Ta); 2) two dietary AME values (low-AME, high-AME) and 
3) two dietary levels of polyunsaturated fat (low-fat, high-fat). 
MATERIALS A N D METHODS 
Stocks, Husbandry, and Diets 
Descriptions of the genetic stocks, husbandry procedures, temperature regimens, and diets 
were presented in the first paper of this series (Scheele et al., 1991). Briefly, two genetic 
groups of male broilers were used, a pure line primarily selected for a low feed conversion 
ratio (SS) and a commercial broiler cross (BC) in which SS was one of the grandparental 
Disturbances in hormonal regulation 103 
lines. In a pre-experimental period from 0 to 1 wk of age, half of each stock was raised on 
a Ta regimen descending gradually from 33 to 30 C. The other half was raised at a Ta 
descending from 30 to 25 C. 
The experiment lasted from 1 to 5 wk of age. At 1 wk of age, 26 groups of 12 birds each 
were formed, from each of the four combinations of Ta and stock (a flock), all having 
approximately the same mean body weight. In total, 104 groups were created. From each 
flock, two of the 26 groups (making 8 groups) were killed by carbon dioxide inhalation. 
These groups served as reference groups in the energy balance experiments. The remaining 
96 groups of 12 birds each were placed in 96 battery cages (1 x .6 m) on raised wire floors 
arranged in four climatic rooms; three tiers of eight cages each in each room. During the 
experimental period, two different gradually descending Ta regimens were applied. The birds 
raised in the preperiod at the higher Ta were exposed to a regimen of 30 to 22 C (high-Ta). 
The birds raised in the preperiod at the lower Ta were exposed to a regimen of 25 to 1 5 C 
(low-Ta). Relative humidity was kept constant at 60%. A light regimen of 1 h of light and 
2 h of darkness was applied. 
Diets 
Two AME levels (low and high) and two fat levels (low and high) were used, making four 
different diets. The feed ingredients used in the diets, the determined AME and AMEn 
values, and the chemical and digestible nutrient composition of the diets are given by 
Scheele et al. (1991). The AMEn values in the four diets were 3.27 (low-AME, low-fat), 
3.27 (low-AME, high-fat), 3.59 (high-AME, low-fat), and 3.66 (high-AME, high-fat) Mcal/kg 
DM. 
Two diets with high contents of polyunsaturated fatty acids were created by incorporating, 
respectively, 9.4 and 12.3% soybean oil in the diets with low and high AME. In the low-fat 
diets, only .5 and 2% soybean oil were mixed, respectively, in diets wi th low and high AME. 
Measurements 
At 3 and 4 wk of age, blood samples were taken from 32 chickens (two replicates per 
treatment), using one bird per cage in the upper and middle tier, respectively. At 5 wk of 
age, blood samples of 64 chickens (four replicates) were taken, using one bird per cage in 
the upper and the lower tier. No bird was sampled twice. Blood samples of about 3 mL were 
collected wi th a heparinized syringe from the wing vein. The blood was transferred to 
heparinized tubes and stored on ice. 
Two hours after bleeding, the blood samples were centrifuged at 1,000 G for 10 min. The 
plasma was removed and stored at -25 C. For T4, a kit of Abbott Diagnostics Division1 was 
used; for T3 and rT3, antisera of Mallinckrodt Diagnostica2 was used. The concentration of 
GH was measured with a homologous radioimmunoassay (Berghman et al., 1988). 
Performance data per cage were measured weekly. The AME and AMEn of the four diets 
and the digestibility of the fat in the diets were measured during the 4th wk of age. The 
mean daily AME intake (MEi) was calculated. The energy retention (RE), protein deposition 
(RP), and fat deposition (RF) from 1 to 5 wk was measured according to the comparative 
slaughter method (Scheele and Jansen, 1972). Heat production (HP) was calculated by 
1
 Abbot t Diagnostics, Division Benelux, Rue du Bosquet 2, 1348 Ottiquies Louvain-la-
Neuve, Belgium 
2
 Mallinckrodt Diagnostica, Von Hevesy Strasse 3, D-6067 Dietzenbach 2, Postfach 
2060, Germany 
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TABLE 3. The significant (P< .05) interactions of ambient temperature1 with stock, dietary 
apparent metabolizable energy (AME) and dietary fat on plasma concentrations 
of thyroxine (T4), triiodothyronine (T3), reverse T3(rT3), and growth hormone 
(GH)in broilers at different ages 
Interaction Age T3 T4 rT3 GH 
Low Ta x low fat 
Low Ta x high fat 
High Ta x low fat 
High Ta x high fat 
LSD,2 
LSD,3 
(wk) (ng/mL) 
1.49 
1.82 
1.49 
1.01 
.45 
1.0 
(pg/mL) (ng/mL) 
Low Ta x BC 
Low Ta x SS 
High Ta x BC 
High Ta x SS 
LSD, 
LSD2 
Low Ta x low AME 
Low Ta x high AME 
High Ta x low AME 
High Ta x high AME 
LSD, 
LSD2 
Low Ta x low fat 
Low Ta x high fat 
High Ta x low fat 
High Ta x high fat 
LSD, 
LSD, 
13.0 
8.6 
14.5 
15.3 
2.2 
3.4 
15.7 
13.8 
16.8 
18.2 
2.3 
9.0 
37.2 
22.5 
50.3 
66.6 
18.5 
38.1 
28.2 
30.9 
24.3 
40.9 
5.7 
19.8 
'Ta = two ambient temperatures: Stock = two genetic groups of broilers, a pure line primarily selected 
for a low feed conversion ratio (SS) and a commercially available broiler cross (BC) in which SS was one 
of the grandparental lines: AME, and dietary fat (fat) both at two levels. 
2LSD, = Least significant difference comparing two means within the same Ta regimen. 
3LSD2 = Least significant difference comparing two means with different Ta regimens. 
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TABLE 4. The significant (P<.05) interactions of stock1 with dietary fat and of dietary 
apparent metabolizable energy (AME) with dietary fat on plasma concentrations 
of triiodothyronine (T3), reverse T3(rT3), and growth hormone (GH) in broilers at 
different ages 
Interaction Age T3 rT3 GH 
Low AME x low fat 
Low AME x high fat 
High AME x low fat 
High AME x high fat 
LSD,2 
BC x low fat 
BC x high fat 
SS x low fat 
SS x high fat 
LSD, 
BC x low fat 
BC x high fat 
SS x low fat 
SS x high fat 
LSD, 
Low AME x low fat 
Low AME x high fat 
High AME x low fat 
High AME x high fat 
LSD, 
(wk) 
3 
4 
5 
5 
(ng/mL) 
1.20 
1.48 
1.80 
1.36 
.46 
1.74 
1.87 
2.05 
1.12 
.48 
(pg/mL) 
20.8 
31.0 
21.8 
23.7 
7.3 
(ng/mL) 
26.5 
29.7 
26.0 
42.1 
6.0 
23.9 
49.1 
28.5 
22.7 
6.0 
1Ta = two ambient temperatures: Stock = two genetic groups of broilers, a pure line primarily selected 
for a low feed conversion ratio (SS) and a commercially available broiler cross (BC) in which SS was one 
of the grandparental lines: AME, and dietary fat (fat) both at two levels. 
2LSD, = Least significant difference comparing two means within the same Ta regimen. 
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TABLE 5. A significant (P<.05) three factor interaction between stock1, dietary fat, and 
ambient temperature (Ta) on plasma concentrations of triiodo-thyronine (T3) in 
broilers at 4 wk of age 
Interaction T3 
(ng/mL) 
Low Ta x BC x low fat 
Low Ta x BC x high fat 
Low Ta x SS x low fat 
Low Ta x SS x high fat 
2.0 
2.4 
2.4 
1.1 
High Ta x BC x low fat 
High Ta x BC x high fat 
High Ta x SS x low fat 
High Ta x SS x high fat 
LSD,2 
LSD/ 
1.5 
1.1 
.69 
.68 
'Ta = two ambient temperatures: Stock = two genetic groups of broilers, a pure line primarily selected 
for a low feed conversion ratio (SS) and a commercially available broiler cross (BC) in which SS was one 
of the grandparental lines: Dietary fat (fat) at two levels. 
2LSD, = Least significant difference comparing two means within the same Ta regimen. 
3LSD2 = Least significant difference comparing two means with different Ta regimens. 
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however, it is not clear whether too low a respiratory exchange as a main cause of ascites is 
the result of too low a capacity for thyroid hormone production or vice versa. 
Furthermore, 3-, 4-, and 5-wk-old SS birds compared wi th BC birds exhibited higher 
haematocrits, lower feed conversion ratios (Scheele et al., 1991). SS birds exhibited also lower 
T4 values at 5 wk, lower T3 values at 3 wk, and lower REF values over the entire period than 
BC birds. These results indicate that susceptibility to hypoxia in SS birds that are primarily 
selected for a low FCR not only coincides with limited thyroid hormone production, but also 
with reduced fat deposition. 
Evidence for Inhibition of Conversion of Thyroxine to Triidothyronine 
In the 4th wk, growth rate of all birds reached a maximum (Scheele et al., 1991). Under these 
conditions of intensive metabolism, especially at a low-Ta, striking effects of diets with high 
levels of polyunsaturated fatty acids (soybean oil) were demonstrated. Although effects of 
high-fat diets on plasma thyroid hormone concentrations differed between stocks, the results 
indicate that effects on rT3 in BC birds and on T3 in SS birds can be reduced to a common 
cause. Chopra et al. (1985) found evidence that unsaturated fatty acids inhibit the hepatic 
monodeiodination of T4 at the 5 position of the phenolic ring to the active hormone 3,5,3'-
tr i iodothyronine (T3). Such an inhibition can lead to different effects on plasma levels of 
thyroid hormones. First, the inhibited conversion of T4 to T3 may lead to increased production 
of T4 to meet the unchanged requirements for T3. Excessive T4 concentrations are avoided 
by monodeiodination of T4 at the 5 position of the tyrosyl ring to the inactive hormone 
3,3',5'-tr i iodothyronine (rT3) as an alternative pathway for T4 degradation. This response 
results in increased plasma levels of rT3. Second, the inhibition of extra-thyroidal conversion 
of T4 to T3 may lead to a reduction in T3 concentrations in plasma if increased T4 production 
fails to occur. In this case, if T4 production is seriously limited no clear increased rT3 
concentrations in plasma would be found. 
Comparable mechanisms in thyroid hormone metabolism were described by Chopra et al. 
(1975), who showed that steroids given to hypothyroid patients produced a steroid-induced 
shift in the metabolism of T4 whereby conversion of T4 to T3 was diminished and that to rT3 
was enhanced. They demonstrated that increased levels of rT3 were not caused by a 
diminution in the metabolic clearance rate of rT3. The lack of an effect of steroid treatment 
on the kinetics of T3, as well on the serum binding of T3, indicates that there was a shift in 
T4 metabolism. Based on the similarity between changes in T3 and rT3 concentrations caused 
by fatty acids in the current experiment and the results of Chopra et al. (1975 and 1985), the 
results indicated the fol lowing: 1) In BC birds, high-fat diets produce increased plasma rT3 
levels and unchanged T3 levels, which indicates that increased T4 production is necessary to 
overcome the inhibition of T4 conversion to T3. 2) In SS birds, high-fat diets reduce plasma 
T3 values, and do not perceptibly change rT3 values, indicating that SS birds are not able to 
produce more T4 needed to maintain a constant T3 production. 
This interpretation of the effect fat on SS birds as a demonstration of a limited capacity for 
thyroid hormone production in these birds is in accord with the lower thyroid hormone levels 
caused by other factors in SS birds compared wi th BC birds. At 3 wk of age, a high growth 
rate in both stocks will require a high production rate of T3, but at that age plasma T3 levels 
were clearly lower in SS birds than in BC birds. A low-Ta requires a high rate of production and 
expenditure of T4, but at 4 wk of age, when growth rate was maximal in both stocks, SS 
birds showed much lower plasma T4 values at a low-Ta than BC birds. At a high-Ta, when 
requirements for T4 were lower, no differences in T4 values between both stocks were found. 
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Thyroid Hormones and Deposition of Fat 
The REF measured for the entire experimental period was influenced by different factors. In 
SS birds, low-AME and high-fat diets decreased REF values. These effects on REF 
corresponded very well wi th low T3 values in SS birds and wi th the effect of AME on T3 
values in low-fat diets at 3 wk of age. Dietary fat effects that reduced REF closely 
corresponded wi th reduced effects of dietary fat on T3 at a high-Ta at 3 wk and in SS birds 
at 4 wk of age. The apparent relationship between REF and T3 concentrations are in 
agreement with results of Leenstra et al. (1991) with other broiler lines that also differed in 
thyroid hormone concentrations and fat content, and wi th the results of different experiments 
w i th rats (Roncari and Murthy, 1975; Mariash et al., 1980; Clark and Hembree, 1990) that 
indicated that depression of circulating T3 reduced de novo lipogenesis. 
Decuypere et al. (1987) demonstrated that high levels of exogenous thyroid hormones 
decreased fatness in a dose-dependent way. High thyroid activity stimulates oxidation in the 
cells, which require quickly available energy substrates such as fatty acids liberated by 
lipolysis. The present experiment illuminates the dual role of thyroid hormones in fat control, 
as they are involved in both lipogenic and lipolytic processes. 
Relationships between low thyroid hormone levels and energy partition are suggested also by 
the interactions between Ta, stock, and dietary fat. At a low-Ta it was shown that, when 
compared with BC birds, SS birds had noticeably reduced T4 values together with depressed 
T3 values in high-fat diets at 4 wk of age and had also a reduced heat production. 
Furthermore, the RE/MEi was almost equal for SS and BC birds at a low-Ta, however, the 
BWG/MEi at a low-Ta was significantly higher in SS birds than in BC birds (Scheele et al., 
1991). The differences in efficiencies indicate that SS birds exhibited more deposition of 
protein and water and less deposition of fat than BC birds. These results also indicate, 
especially at a low-Ta, that there was an intensified shift from heat production and fat 
synthesis to protein synthesis, accompanied by depressed plasma thyroid hormone 
concentrations in SS birds compared wi th BC birds. 
Interrelationships Between Growth Hormone and Thyroid Hormone Concentrations 
The effects of the different variables on GH concentrations suggest that unfavourable 
environmental conditions that did not allow maximal energy intake and growth, elevated GH 
levels in plasma. High dietary fat content and the combinations of low-AME with high-fat, or 
high-Ta wi th high-fat, and SS birds with high-fat, all of which were characterized by a low 
AME intake (Scheele et al. 1991), produced clearly elevated GH concentrations at 5 wk of age. 
At a low AME intake, increased lipolysis will be necessary to meet the energy requirements 
for maintenance. The current observations are closely in accord wi th Harvey et al. (1977a), 
who reported that circulating levels of GH are elevated in poultry in circumstances in which 
a high demand for energy substrates might be expected. This effect was demonstrated by 
Harvey et al. (1977b) in fasting poultry under some stress conditions. Most of the 
combinations that resulted in high GH concentrations in plasma indeed also resulted in low T3 
values. Growth hormone secretion might be increased due to a reduction in feedback from T3 
and somatomedins that are presumed to inhibit GH release. Stressors that stimulate the action 
of glucocorticoids and nutritional restrictions may directly depress the circulating 
concentrations of T3 and somatomedins (Scanes et al., 1984). 
In the present study all significantly increased concentrations of GH were related to a high 
dietary fat content, as such, and to combinations of fat wi th other factors. High dietary fat 
contents produced low plasma T3 concentrations and also distinctly increased GH 
concentrations in SS birds. If fatty acids inhibit T3 formation from T4, then especially in SS 
birds that have a limited possibility to increase T4 production, there might be more stimulation 
of the thyroid gland by thyroid stimulating hormone (TSH). Thyrotropin releasing hormone 
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(TRH) is a pluripotent hormone that causes release of both TSH and GH from the chicken 
pituitary gland (Scanes et al., 1986). Thus, the necessity for increased TSH production in all 
cases where fatty acids reduced T3 concentrations also may have caused an increase in GH 
concentrations. The effects of Ta on hormone concentrations also indicate that low T3 levels 
are more effective in increasing GH concentrations than high T3 levels are in reducing GH 
concentrations. A low-Ta produced markedly elevated T3 concentrations at 5 wk of age but 
no perceptible changes in GH concentrations were found by Ta treatment at 5 wk. 
More insights into possible relationships between GH and thyroid hormone concentrations and 
lipogenesis and lipolysis were derived from the research carried out with two lines selected for 
high (HW) and low (LW) body weight (Siegel and Cherry, 1981). Calabotta et al. (1985) found 
that LW males compared with HW males exhibited higher activities of lipogenic enzymes and 
greater capacity to incorporate radioactive acetate into liver slices. Nir et al. (1987) found that 
LW males had higher T3 values at 61 days of age. Although LW males had a greater capacity 
to synthesize lipids, it appeared that increased lipolysis prevented fat accumulation because 
the LW line was leaner than the HW. Nir et al. (1987) demonstrated that LW chickens had 
significantly higher GH concentrations in plasma than HW chickens. 
Scanes et al. (1986) reported that lipolysis was the predominant mechanism by which GH 
reduces body lipid stores in the chick. A cooperative action of T3 and GH in stimulating 
lipogenesis in BC birds, and in low-fat diets by elevated T3 values, stimulating lipolysis in low-
AME diets and in SS birds fed high-fat diets by elevated GH levels, could explain the observed 
variation in REF in the current experiment. This explanation is very well in accord wi th the 
concept about effects of hormones on lipid metabolism presented by Calabotta et al. (1985). 
Indications for Hypothyroidism in Birds Induced by Experimental Factors 
The interaction of Ta with fat at 3 wk of age is noteworthy. Table 3 shows that in both stocks 
at 3 wk , the highest T3 values are found at a low-Ta and with (unexpectedly) a high-fat 
content in diets. At that age apparently all birds were able to compensate for an inhibitory 
effect of unsaturated fatty acids on conversion of T4 to T3 by producing more thyroid 
hormones. A striking alteration in SS birds was observed by the 4th wk of age. At this age a 
significant three-way interaction among Ta, stock, and fat was demonstrated. The T3 values 
(Table 5) revealed a loss in adaptation of thyroid hormone production to increased growth rate 
in SS birds in a cold environment at a high dietary fat level during the 4th wk. The inhibition 
of the conversion of T4 to T3 by fatty acids induced, most likely, hypothyroidism in SS birds 
at a low-Ta at 4 wk of age. The relatively low T3 values found in SS birds at a low-Ta at 4 wk 
were consistent wi th a low REF and a low metabolic rate reflected by oxygen consumption 
over the entire growing period. This rapid alteration in hormone activity may also explain 
contradictory experimental results reported in literature. The low T3 values are also 
concomitant with clearly reduced body weight gain in SS birds at low-Ta, especially at 4 wk 
of age (Scheele et al., 1991). These results suggest that the notably low T3 values obtained 
in this experiment resulted in a retardation of all anabolic processes, including protein 
synthesis. 
Symptoms of myxoedema coma, the end stage of untreated hypothyroidism in humans, are 
well documented (Blum, 1972; Greenspan and Rapoport, 1986). The pathophysiology of 
myxoedema coma involves the following major aspects: 1 ) C0 2 retention and hypoxia; 2) fluid 
and electrolyte imbalance manifested by interstitial edema and hydropericardium and 
pulmonary edema; 3) cardiac enlargement and heart insufficiency; 4) an impairment of renal 
functions and a reduced ability to excrete a water load; 5) hypothermia, due to a lowered heat 
production rate; and finally 6) anemia and impaired haemoglobin synthesis as a result of T4 
deficiency. Except for anemia (low haematocrit values) these symptoms are consistent with 
most of the symptoms related to ascites described by Scheele et al. (1991). 
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Gilbert (1963) found that haematocrit values were affected positively by the increasing thyroid 
hormone concentrations. Both factors are related to high metabolic rate. Therefore, it is not 
likely that, in the current experiment, increased haematocrits found in SS birds at 4 wk at a 
low-Ta (Scheele et al., 1991) were caused by the lowered thyroid hormone concentrations in 
SS birds at 4 wk at a low-Ta as is shown in the Tables 3 and 5. This result indicates another 
factor in SS birds that could be reason for high haematocrits and low thyroid levels. Such a 
factor could be an insufficient ability to increase oxygen consumption when required by low-
Ta. Such inability might depress thyroid hormone production on one hand and stimulate the 
production of red blood cells (Rosse and Waldmann, 1966) on the other. 
The present results also indicated an insufficient ability to produce thyroid hormones per se 
in SS birds. First this inability is shown at a low-Ta and second because an inhibition of T4 
conversion to T3 by fatty acids could not be compensated for in these birds by producing 
more T4. This compensation would be necessary to prevent an further decrease in metabolic 
rate. Zwillich et al. (1975) demonstrated that the ventilatory responses to hypoxia are 
depressed markedly in patients with myxoedema and hypothyroidism. These findings suggest 
a stimulating role of hypothyroidism in reducing oxygen consumption that leads to anoxia and 
also to HFS and ascites shown in SS birds. Thus, in SS birds, primarily selected for a low FCR, 
combined wi th a fast growth rate, different factors might, by turns, initiate, aggravate, and 
reinforce the development of HFS and ascites. In modern selection programs, an effective 
abatement of ascites could be found by exposing chickens of different selected lines in the 
first weeks of age to low-Ta and by feeding them anti-thyroid drugs such as high levels of 
polyunsaturated fatty acids in diets. An interaction of line by temperature or line by dietary 
fat on growth rate or feed intake may demonstrate susceptibility of particular lines to diseases 
like HFS and ascites. 
If low plasma thyroid concentrations in SS birds at a low-Ta mainly represent a protection 
method against a too high metabolic rate and a too high demand for oxygen consumption, 
then there might be another method to detect susceptibility for ascites. In that case 
administration of a dietary dosis of T3 could abolish that protection and directly stimulate 
hypoxic conditions, increased haematocrit values, and the occurrence of HFS and ascites. 
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ABSTRACT 
A growth and energy balance experiment was carried out at different ambient temperatures 
(Ta), wi th male broilers of three broiler stocks all selected for a low feed conversion ratio 
(FCR). The results showed that a change in FCR can have different effects on energy 
partitioning in metabolism. The stocks differed in metabolising dietary energy (ME values of 
the diet), in the efficiency of utilizing metabolizable energy intake (MEi) for energy retention 
(RE), in protein-fat ratio in deposited body mass, and in growth rate. 
It was shown that a stock (S1) characterized by a high value for RE/MEi and thus by a 
relative low rate of heat production and oxygen consumption (OXc), combined with a fast 
growth, demonstrated less adaptation of metabolism to a low ambient temperature than the 
other stocks S2 and S3. 
51 birds were more susceptible to heart failure syndrome and ascites than S2 and S3 birds. 
52 birds also characterized by a high value for RE/MEi and a low OXc at a high Ta appeared 
to be able to increase their OXc at a low Ta. S3 birds characterized by a high rate of OXc 
showed the greatest adaptive responses to a low Ta in respect to MEi and OXc. The 
experimental results indicate that a low rate of OXc, in accompaniment wi th a relative small 
capacity for adaptation of metabolism to a changed environment, can have a negative effect 
on health of broiler stocks. Such a genetically induced reduction of OXc can be the result 
of a selection of broilers for a low FCR. 
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INTRODUCTION 
Domestic animals, poultry, cattle, and pigs are sensitive to chronic hypoxia (a low oxygen 
tension in the air) at high altitudes (Altland, 1961 ; Sillau et al., 1980; Alexander et al., 
1960, McMurtry et al., 1973). Cardiopulmonary responses of these species of animals to 
high altitudes included hypoxemia (a low oxygen tension in blood), polycythemia, 
tachycardia, pulmonary hypertension, right ventricular hypertrophy, heart failure and ascites. 
Ascites in broilers refers to the accumulation of edematous fluid within the abdominal 
cavity. 
Scheele et al. (1991) described the etiology of heart failure syndrome and ascites in broilers 
which is caused by hypoxemia. Peacock et al. (1990) demonstrated a spontaneous 
hypoxemia with right ventricular hypertrophy in broilers reared at sea level at non hypobaric 
condit ions. Reeves et al. (1991) found that feed restriction in rapidly growing broiler 
chickens is associated wi th prompt and substantial improvement in arterial oxygenation. 
These results suggest that a high metabolic rate which is related to feed intake and to a fast 
growth may cause hypoxemia in broilers. Scheele et al. (1993) showed that different broiler 
flocks which were exposed to a low ambient temperature (Ta) demanding a high metabolic 
rate showed differences in metabolic rate and heat production. Haematocrit values and heart 
weights were measured as indices for susceptibility for ascites. The results suggested that, 
at a low Ta, some flocks were not able to consume sufficient amounts of oxygen, in order 
to meet the increased oxygen requirements. In such circumstances these flocks may suffer 
from hypoxemia, heart failure and ascites. 
An unchanged low metabolic rate at decreasing ambient temperatures in accompaniment 
w i th ascitic symptoms points to a reduced flexibility in adaptation of metabolism to a 
changing environment. 
It was hypothesized that the selection of broilers for a lower feed conversion ratio (FCR) 
might have contributed to the susceptibility for heart failure and ascites. 
For economical reasons modern selection programs in broiler breeding deal wi th a decrease 
in feed conversion ratio. It should be recognized that only a change of three main factors 
in broiler metabolism can result in an improved FCR of a given diet at a given live weight. 
These factors are: 
1. An increased digestibility of dietary nutrients resulting in a higher metabolizable energy 
(ME) value of a given diet. 
2. An increased protein-fat ratio (PFR) in deposited tissue, which means an increased 
deposition of water in lean tissue and a decreased deposition of fat. Deposition of water 
and a reduced deposition of fat saves feed energy. 
3. A decreased production of heat which is directly related to a decreased oxygen 
consumption (OXc). 
Selection for a low FCR should at least effectuate a change of one of these three factors. 
If a low FCR is primarily the result of a change in the third factor than dietary energy will 
be used more efficiently for deposition in body tissues and less dietary energy will be 
released as heat to the environment. 
Approximately 40 per cent of metabolizable energy intake (MEi) is used for energy retention 
(RE), and 60 per cent of MEi is used for heat production (HP). 
Especially reducing heat production and increasing the efficiency of MEi for RE (RE/MEi) will 
be effective in improving FCR. A high value for RE/MEi and a low heat production rate could 
be induced by a more efficiently regulated metabolic rate or it might also be due to the 
inability of birds to increase the OXc in response to a changing environment which can lead 
to hypoxemia. The last possibility indicates that a selection for an improved FCR that solely 
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results in an increased RE/MEi and thus in a reduced OXc may increase the susceptibility of 
birds for ascites. 
Thyroid hormones are acting as an important control system in regulating RE/MEi and OXc. 
Low levels of circulating thyroid hormones will maintain physical activity and metabolic rate 
and thus production of heat at a low level. A selection on a low FCR, which results in an 
increased RE/MEi, may reflect a low production rate of thyroxine (T4) and specially of 
tri iodothyronine (T3) which is the principal metabolically active thyroid hormone. Such a 
mechanism should be flexible in adaptation to a changed environment which demands a high 
rate of heat production (HP) and OXc, such as a low ambient temperature (Ta). It might be 
that in some populations of broilers a selection for a low FCR has induced hypothyroidism 
in chickens without the possibility for a fast increase in thyroid hormone production, if 
necessary. Numerous studies on the cardiovascular system in intact animals and humans 
have demonstrated that a decreased thyroid activity decrease principally those iso-enzymes 
w i th the greatest ATP-ase activity, reducing OXc, which thereby reduces myocardial 
contractil ity (Klein and Levey, 1984). 
At a low Ta, hypothyroidism might inhibit the increase in MEi, HP and OXc, compared to a 
high Ta, which is required for homeostasis; and this inhibition might cause a 
pathophysiology directly related to hypoxemia, heart failure and edema including ascites. 
An energy-balance experiment with 3 different broiler populations all selected for a low FCR 
was carried out to study differences in metabolic factors influencing FCR. Two temperature 
treatments. Ta low and Ta high (a normal rearing Ta), were used to study the effects of a 
decreased temperature on the adaptation of metabolism to a cold environment. Such a 
decreased Ta will demand an increased HP and OXc; ascitic symptoms in the birds induced 
by a low Ta were related to metabolic responses to a low Ta. 
MATERIALS AND METHODS 
432 Male broiler chickens were used of three different genetic stocks (S11 , S21 and S32) in 
a growth and energy balance experiment. S1 and S2 were selected for a low FCR combined 
with a fast growth. Both stocks showed a high RE/MEi ratio but S1 showed a lower FCR 
and higher growth rate than S2. S3 was also selected for a low FCR but exhibited a much 
less fast growth and a lower value for RE/MEi than the other stocks. Two ambient 
temperatures (Ta) were applied in a factorial split-plot arrangement. 
At one week of age birds of different stocks were allotted to battery cages in six climatized 
chambers (12 birds per cage). Three chambers were used per Ta treatment. In each chamber 
t w o replicates (groups of birds) of a stock treatment were randomly distributed to the 
cages. From one week of age a normal rearing Ta of 30°C (Ta high) and a cold Ta of 23°C 
(Ta low) were gradually reduced to respectively 22°C and 15°C at 5 weeks of age. 
The birds were fed a normal pelleted broiler diet. The stocks were kept until an equal final 
mean body weight was achieved. Experimental periods for the stocks were respectively 7 
to 35 days for S 1 , 7 to 36 days for S2 and 7 to 41 days for S3. 
The AME and AMEn values of the diet per cage were measured during the 4th week of age 
for all cages, according to Scheele and Jansen (1972). 
Following measurements in respect to the entire growth period of they stocks, until 
approximately equal mean final body weights were achieved, were carried out: body weight 
^ 1 and S2 birds are described by Scheele et al. (1991) respectively as SS and BC birds. 
2S3 is described by Leenstra and Pit (1988) as FC birds. 
Health, and adaptation to the environment 125 
gain, growth rate, FCR, PFR, RE, MEi, RE/MEi and OXc per metabolic weight (W*) according 
to Scheele et al. (1991). W * = Mean body weight in kilograms per cage at the end of the 
experiment period + mean body weight in kilograms per cage at the start of the experiment 
divided by 2 and to the power of .75. 
A t 4 weeks of age two birds per cage were taken for heart weights (HW) and for blood 
samples. In these samples haematocrit (Ht) values and concentrations of thyroid hormones 
(T4 and T3) were determined as described by Scheele et al. (1992). Effects of stocks at a 
high Ta on growth rate, FCR, ME values of the diet, PFR and RE/MEi were examined by 
analysis of variance. Some results obtained at a low Ta were calculated as differences 
compared to a high Ta. Each value per cage obtained at a low Ta was compared to the 
mean value of six cages per broiler stock, as to the same parameter obtained at a high Ta. 
These so called adaptive responses to a low Ta, in respect of Ht values, HW values as a 
percentage of body weight, MEi and OXc values both per metabolic weight (W*) were 
examined by analysis of variance. 
The number of ascitic birds (HFS + ascites) were measured by considering: first the number 
of birds that died from ascites and heart failure syndrome during the experiment and as was 
detected after section. Second at the end of the experiments all birds were judged on a 
swollen abdomen by hand. After section of all suspected birds total number of ascitic birds 
per treatment were calculated. Characteristics for ascites by section were considered to be 
edema in the abdominal cavity and hydropericard. In accordance wi th the method of 
determining the number of ascitic birds the obtained values are considered to be indicative 
for a state of health of a flock in a treatment. Thyroid hormone values in plasma obtained 
from birds kept at a low Ta were also submitted to analysis of variance. 
RESULTS AND DISCUSSION 
Production characteristics obtained at a high Ta are given in Table 1 and Table 2. 
TABLE 1. Production characteristics of three broiler stocks kept at a normal rearing 
temperature (high Ta) from 1 week of age to an equal final body weight 
Stock Body weight Experimental Growth Feed conversion 
gain period rate ratio (FCR) 
(g) (days) (g/day) (g/g) 
51 1613 7-35(28) 57.6"1 1.61* 
52 1605 7-36(29) 55.3" 1.63" 
S4 1593 7-41 (34) 46.9C 1.49b 
' = Within the same column values not sharing a common superscript are significantly (P<0.05) 
different. 
Paradoxically the lowest FCR of S3 was obtained in birds showing a slow growth rate. In 
Table 2 the factors are shown which are responsible for the differences in FCR between the 
stocks. 
126 Chapter 4 
TABLE 2. The metabolizable energy (ME) value of the diet, the protein/fat ratio (PFR) of 
deposited tissue and the energetic efficiency of ME intake for energy retention 
(RE/MEi) of three broiler stocks kept at a normal rearing temperature (high Ta) 
Stock ME diet PFR RE/MEi 
MJ/kq Ifl/fll (kJ/kJ) 
51 12.53'1 1.30' 0.44' 
52 12.51" 1.18b 0.44' 
53 12.80b 1.94b 0.37b 
1
 = Within the same column values not sharing a common superscript are significantly (P<0.05) 
different. 
It is shown that a high ME value of the diet and a high PFR value of S3 is responsible for 
a low FCR. A low value for RE/MEi for S3 birds means that OXc relative to deposition of 
energy (RE) is high. Consequently S3 birds consumed more oxygen per kJ of deposited 
energy than S1 and S2 birds. S3 birds combined a low FCR wi th a high value for OXc. The 
latter was facilitated by a longer growth period compared wi th S1 and S2 birds. 
In Table 3 differences between a low Ta and high Ta are given in respect to indices for 
susceptibility for ascites. 
TABLE 3. Indices of susceptibility for ascites in three broiler stocks. Differences between 
a low Ta and a high Ta, expressed as percentages of values obtained at a high 
Ta. Differences are given for haematocrit values (AHt), heart weights as a 
percentage of body weight (AHW), metabolizable energy intake per metabolic 
weight (AMEi/W*) and oxygen consumption per metabolic weight (AOXc/W*) 
Stocks AHT AHW AMEi/W*1 AOXc/W* 
% % % % 
51 23.5"2 43' 1.5" 13" 
52 6.1b 23b 6.5" 22" 
53 10.6C 26" 12.1° 25b 
1
 = W* = Mean body weight in kilograms to the power 0.75 
2
 = Within the same column values not sharing a common superscript are significantly (P<0.05) 
different. 
Table 3 shows that S1 is susceptible for ascites. High increments for Ht values and HW 
values at a low Ta compared wi th a high Ta point at the occurrence of hypoxemia in S1 
birds. 
S1 birds showed a marked small increase of MEi and OXc at a low Ta. These values suggest 
that S1 birds could not adapt on the same way to a reduced Ta as is shown by S2 and S3 
birds. Although, at a high Ta S2 birds demonstrated high values for RE/MEi in 
accompaniment with a low OXc these birds adapted their metabolism to a low Ta by a 
distinct increased MEi and OXc. S3 birds also appeared to have the possibility for adaptation 
to low Ta. 
AHt and AHW values for S2 and S3 birds were much lower than for S1 birds, reflecting less 
susceptibility for heart failure and ascites. 
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In Table 4 values are shown obtained at a low Ta. Thyroid hormone concentrations in 
plasma at a low Ta and the number of birds suffering from ascites during the experimental 
period at a low Ta are given. 
TABLE 4. Thyroid hormone concentrations in plasma and number of ascitic birds in three 
broiler stocks kept at a low ambient temperature 
Stocks 
S1 
S2 
S3 
T3 
na/ml 
1.8*1 
2.4b 
2.2b 
T4 
na/ml 
9.8-
12.6" 
10.3-
Ascitic 
birds 
24 
5 
2 
1
 = Within the same column values not sharing a common superscript are significantly (P<0.05) 
different. 
Noticeable differences in thyroid hormone concentrations between stocks are shown in 
Table 4. At a low Ta an increased thyroid hormone activity can stimulate metabolic rate in 
order to meet the enhanced demand for heat production by the environment. Realizing that 
T3 is the active thyroid hormone, it should be noticed that T3 values in S1 birds are 
distinctly lower than T3 values found in S2 and S3 birds. 
Low concentrations of T3 at a low Ta, compared with S2 and S3 birds, may indicate that 
homeostasis in S1 birds was threatened. S1 birds seemed to be unable to adapt their 
metabolism to decreased temperatures. The indications for susceptibility of S1 birds for 
heart failure and ascites were confirmed by the number of S1 birds clearly suffering from 
ascites (in Table 4 given as ascitic birds) at a low Ta compared to S2 and S3 birds. 
CONCLUSIONS 
Experimental results with different broiler populations demonstrate that a change in FCR can 
have different effects on energy partitioning in metabolism. A reduction in OXc as a result 
of selecting for a low FCR can have a detrimental effect on health of broiler populations. 
Exposing these birds to a changed environment, demanding a higher metabolic rate and 
OXc, may induce cardio pulmonary disturbances, heart failure and ascites. 
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ABSTRACT 
Male broilers of three different stocks selected for a low feed conversion ratio (FCR) and 
dif fering in growth rate were used to study effects of exogenous thyroxine (T4) 
supplementation in diets on adaptive responses to a low ambient temperature (Ta). An 
experiment wi th a 2 x 3 x 2 factorial split-plot arrangement of treatments with 72 groups 
of 12 broilers each was performed. Performance data and energy metabolism parameters 
were determined over an entire period from 1 wk to a fixed end weight between 5 and 6 
wk of age. Blood samples were taken at 5 wk of age and analysed for haematocrits and 
haemoglobin values as indicators for susceptibility for ascites. The results showed that 
selection procedures primarily focused on a low FCR combined with different growth rates 
can have different effects on energy partitioning in metabolism. The stocks showed 
differences in susceptibility to ascites. Adaptive responses to a low Ta were markedly lower 
in birds (S1) exhibiting a high energetic efficiency and a low rate of heat production than 
in birds of other stocks (S2 and S3) showing a higher rate of oxygen consumption (OXc). 
A supply of exogenous T4 improved adaptive responses of S1 birds. T4 supplementation 
also reduced haematocrit (Ht) and haemoglobin (Hb) values in blood in S1 birds kept at a 
low Ta. Overall results suggest that a changed thyroid hormone activity might be one of the 
correlated responses to a selection on a low FCR, combined with a fast growth rate. 
Especially if a low FCR is achieved by a decreased heat production (HP) and OXc related to 
a decreased physical activity, thyroid hormone activity might be also decreased. A low 
thyroid hormone activity might cause impaired adaptive responses of birds to an 
unfavourable environment which might induce ascites. The results reveal that selection on 
a low FCR also can be effective without reducing the capacity for HP and OXc. 
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INTRODUCTION 
The occurrence of metabolic disorders in broiler chickens known as heart failure syndrome 
(HFS) and ascites might be stimulated by modern selection programs which are focused on 
a lower feed conversion ratio (FCR) (Scheele et al., 1991 and 1992). Selection programs 
resulting in less heat production and less oxygen consumption in accompaniment wi th a fast 
growth will effectuate a low FCR. 
A reduction in oxygen consumption (OXc) and an improvement of FCR per se is not 
necessarily related to a pathophysiological increase of the work load of the heart, which is 
accepted to be the cause of ascites (Scheele et al., 1992 and 1995). But as the concept of 
FCR is related to many different processes in metabolism there could be known and 
unknown correlated responses to such a selection which are directly responsible for the 
occurrence of ascites. 
The existence of a relationship between hypoxemia followed by HFS and ascites and oxygen 
consumption in the case that oxygen is a limiting factor in metabolism is generally accepted 
(Sillau et al., 1980; Maxwell et al., 1987; Van der Hel et al., 1988). 
Hypoxia is known to increase haemoglobin synthesis (Krantz and Jacobson, 1970). Hypoxia 
and hypoxemia result in polycythemia as measured by high haematocrit values (Sillau et al., 
1980; Maxwell et al., 1986). Therefore haematocrit values and haemoglobin contents can 
be used as indicators for hypoxemia and susceptibility for ascites (Sillau et al., 1980; 
Maxwell et al., 1986; Scheele et al., 1991). Thyroid hormones are involved in controlling 
metabolic rate, heat production and thus oxygen consumption (Scheele et al., 1992). 
A low thyroid activity in metabolism affects both, metabolic rate as measured by heat 
production and also more specific the circulatory system which serves to transport and 
distribute oxygen to the tissues. Numerous studies on the cardiovascular system in intact 
animals and humans have demonstrated that a decreased thyroid activity decrease 
principally those iso-enzymes with the greatest ATP-ase activity, reducing OXc, which 
thereby reduces myocardial contractil ity (Klein and Levy, 1984). 
Broiler flocks exhibiting low levels of circulating thyroid hormones (a low maintenance 
requirement) should have the capacity to increase thyroid hormone activity if necessary. A 
changed environment demanding a higher metabolic rate, a higher level of dietary energy 
intake and a higher rate of OXc together wi th a more fast transport of oxygen to tissues 
should have an effect on the hormonal regulation of metabolism. A low ambient temperature 
(Ta) will demand an increased energy intake, a high rate of heat production and OXc. 
Scheele et al. (1992 and 1995) found that a broiler population which was susceptible to 
ascites showed at a low Ta lower thyroid hormone concentrations than populations which 
were less susceptible. The authors suggested that the population susceptible to ascites 
might have been unable to increase thyroid hormone activity as was desired at that low Ta. 
In that case a low thyroid activity could have caused an insufficient supply of oxygen 
relative to the high requirements, leading to hypoxemia followed by heart failure and ascites 
as described by Scheele et al. (1991). The objective of the present research, a growth and 
energy balance experiment, was to study the effect of supplying exogenous thyroxine (T4) 
in diets to chickens of the same populations as were used in experiments of Scheele et al. 
(1995). 
The aim was to show that addition of T4 to birds susceptible for ascites could reduce 
disturbances in metabolism related to ascites and could improve adaptive responses of these 
birds if exposed to a low Ta. The effects were studied at low Ta, distinctly below the lower 
critical Ta forcing the birds to a high metabolic rate and OXc, and compared wi th effects 
at a normal Ta within the zone of thermoneutrality. During a growth period, until a fixed end 
weight for all stocks was achieved, the following parameters were measured: values for 
performance, metabolizable energy intake (MEi), energy retention (RE), energetic efficiency 
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(RE/MEi), and OXc. Haematocrits (Ht) and haemoglobin contents (Hb) in blood samples were 
measured as indicators for susceptibility for ascites. 
MATERIALS AND METHODS 
A 2 x 3 x 2 factorial experiment was performed to investigate the effects of ambient 
temperature regimen (low and high), stock (S1, S2 and S3) and diet wi th or without T4 
added (DT4, DN). Male broiler chickens of three different genetic stocks (S1, S2 and S3) 
were used in a growth and energy balance experiment. S1 and S2 birds were described by 
Scheele et al. (1991) as respectively SS and BC birds. S3 birds were described by Leenstra 
and Pit (1987) as FC birds. Briefly S1 and S2 were selected for a low FCR combined with 
a fast growth. S1 was a pure sire line, and S2 was a commercially available broiler cross in 
which S1 was one of the grandparental lines. S3 was a pure sire line selected primarily on 
a low FCR but combined with a much slower growth rate than S1 and S2. The experiment 
was arranged as a split-plot design, as follows. There were six climate rooms available, three 
of them were randomly chosen for low Ta and the remaining three for high Ta. 
After a pre-period from 0-1 wk of age 864 birds (288 per stock) were redistributed to 72 
battery cages (1 x .6 m) on raised wire floors arranged in six climatized rooms. Within each 
climate room the six factorial combinations of stock and diet were randomly assigned to 
twelve cages. 
At 1 wk of age, separate from the 72 groups placed in cages, 12 groups of birds (2 groups 
per Ta x stock treatment) were killed, serving as reference groups in the energy balance 
experiments as described by Scheele et al. (1991). 
The experimental period for energy metabolism studies lasted from 1 wk of age until an 
equal mean body weight per stock was achieved between 5 and 6 wks of age. 
Temperature Regimens, Environment and Diets 
Two experimental Ta were used: one distinctly below the zone of thermoneutrality of these 
chickens during the experimental period (Ta low) and the other a normal rearing Ta for that 
period (Ta high). The birds raised at a low Ta were exposed to a regimen starting at 30 C 
and decreasing to 15 C at 3 wk of age. The birds raised at a normal Ta were exposed to a 
regimen starting at 33 C and decreasing to 22 C at 3 wk of age. Until 3 wk of age ambient 
temperatures were gradually reduced once a day. After 3 wk of age Ta was kept constant. 
The end of the experimental period for the stocks was respectively 35 days of age for S 1 , 
36 days of age for S2 and 41 days of age for S3. Relative humidity was kept constant at 
60% for both Ta regimens. Continuous light was given during the first 3 days. After this 
time a light regimen of 1 h light and 2 h of darkness was applied. 
The birds were fed a normal pelleted diet (DN) containing 3200 kcal apparent metabolizable 
energy corrected for nitrogen equilibrium (AME) and 215 g crude protein (CP) per kilogram. 
The same diet was also supplemented wi th 2 mg thyroxine per kg diet (DT4). DT4 was fed 
starting at 1 wk of age to half of the groups until the end of the experiment. 
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Measurements 
Feed intake and body weight (BW) gain per cage were measured weekly and at the end of 
the experiment. Feed intake per group for one wk was corrected for dead birds assuming 
that the dead bird had the same FCR in that wk as measured for the group at the nearest 
date of weighing. Deaths were recorded daily and all dead birds were weighed and 
necropsied. 
At 5 wk of age blood samples were collected by venipuncture from two birds per cage. 
Haematocrit (Ht) values were measured after centrifugation of the blood as a volume 
percentage. Haemoglobin (HB) was measured as cyanmethemoglobin (Sunderman et al., 
1953). The number of ascitic birds was established by considering: First the number of birds 
that died from ascites and heart failure syndrome during the experiment and as was 
detected after section were counted. Second at the end of the experiments all birds were 
judged on a swollen abdomen by hand. After section of all suspected birds total number of 
ascitic birds per treatment were calculated. Characteristics for ascites by section were 
considered to be edema in the abdominal cavity and hydropericard. Analogously to the 
method of determining the number of ascitic birds the obtained values are considered to be 
indicative for a state of health of a flock in a treatment. This state of health is presented as 
the percentage of ascitic birds found in an experimental treatment related to the number of 
birds present at the start of the treatment. 
The apparent metabolizable energy (AME) values of both diets were determined during the 
4th week of age for all cages according to Scheele and Jansen (1972). The AME intake 
(MEi), the energy retention (RE) and the oxygen consumption (OXc) were measured for the 
entire experimental period, starting at 1 wk of age per cage. According to the comparative 
slaughter method (Scheele et al., 1991) MEi, RE and OXc were calculated per unit of 
metabolic weight (W*). W * = {(mean BW in kilograms per cage at 1 wk + mean BW in 
kilograms per cage at the final experimental day) / 2} at the power of .75. 
Adaptive responses to low Ta compared with high Ta were calculated by subtracting from 
each value per cage at a low Ta the mean value of the corresponding treatment at a high 
Ta, thus the adaptive response AX = XI - Xh, where XI = value obtained at a low Ta per 
cage and Xh = the mean of values per 6 replicates of the treatment at a high Ta. 
The following adaptive responses were calculated: AMEi, AOXc, AHt and AHB. The 
parameters were analyzed by ANOVA (Genstat 5, 1987). All parameters except the adaptive 
responses were analyzed by model 1. The calculated adaptive responses were analyzed by 
model 2. 
Model 1: Yijk| = p + Block; + Tempera tu r + Stockk + Diet| + interactions^ +e i jk| 
Y response parameter 
p general mean 
Block block effect (rooms); i = 1..6 
Temperature effect of temperature; j = 1,2 (low, high) 
Stock effect of stock; k = 1,2,3 (S1,S2,S3) 
Diet effect of diet; I = 1,2 (DN, DT4) 
e error (assumed to be independently and normally distributed wi th mean 
0 and variance of a2) 
Model 2: Yijk = p + Block, + Stockj + Dietk + interactions^ +e i j k 
In model 2, the block effect; i = 1.3. 
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The main effects and two factor interactions are discussed. Least significant differences 
based on two sided tests (a = .05) were calculated. 
RESULTS 
Performance Data 
In Table 1 are given the number of days per stock to reach a given mean end weight per 
stock of approximately 1740 g. Mean values per stock for end weight, growth rate and FCR 
as production characteristics, and the percentage of ascitic birds are shown. 
TABLE 1. Length of the growth period (L), means of end weights, means of production 
characteristics, and percentages of ascitic birds (HFS + ascites) per stock of 
chickens 
Stocks1 
S1 
S2 
S3 
LSD3 
L 
(days) 
35 
35 
41 
End weight 
g 
1758 
1737 
1723 
Growth rate 
g/day 
50.2"2 
48.3" 
42.0e 
1.4 
FCR 
g/g 
1.65" 
1.69" 
1.56e 
0.02 
Ascitic birds 
% 
16 
8 
4 
1
 Stock = three genetic groups of broilers, a pure sire line primarily selected for a low feed conversion 
ratio combined with a fast growth rate (S1), a commercially available broiler cross (S2) in which S1 
was one of the grandparental lines, and a pure line primarily selected for a low feed conversion ratio 
(S3) exhibiting a slower growth rate than S1 and S2. 
2
 Within the same column values not sharing a common superscript are significantly (P< .05) different. 
3LSD = least significant difference based on two sided tests (a = .05). 
The stocks needed different periods to attain the same mean body weights, as a result of 
different growth rates. Surprisingly S3 showed, despite a longer growth period, a markedly 
low FCR compared wi th S1 and S2. 
Noticeable differences in susceptibility for ascites between stocks were found. S1 birds 
were clearly more susceptible and S3 birds were less susceptible for ascites than other 
stocks. 
In Table 2 mean characteristics for metabolic parameters of stocks are given explaining 
differences in FCR and growth rate. 
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TABLE 2. Mean values per stock for metabolizable energy content of the diet (AME), 
protein/fat ratio of deposited tissue (PFR), energetic efficiency of AME intake for 
energy retention (RE/MEi) and heat production in kcal per gram body weight gain 
(HP/BWG) during the entire growth period 
Stocks1 
AME diet 
kcal/kg 
3250*2 
3260" 
3324b 
22 
PFR 
g/g 
1.36* 
1.25b 
2.08° 
.04 
RE/MEi 
kcal/kcal 
37.5* 
37.2' 
32.3" 
.8 
HP/BWG 
kcal/g 
3.3' 
3.5b 
3.8C 
.1 
S1 
S2 
S3 
LSD3 
1
 Stock = three genetic groups of broilers, a pure sire line primarily selected for a low feed conversion 
ratio combined with a fast growth rate (S1), a commercially available broiler cross (S2) in which S1 
was one of the grandparental lines, and a pure line primarily selected for a low feed conversion ratio 
(S3) exhibiting a slower growth rate than S1 and S2. 
2
 Within the same column values not sharing a common superscript are significantly (P<.05) different. 
3LSD = least significant difference based on two sided tests (a = .05). 
Table 2 shows that the low FCR of S3 is the result of a higher metabolizability of the diet 
and a high value for PFR. 
The energetic efficiencies of all three stocks are rather low due to the experimental factors, 
a low Ta and T4 addition to the diet. Especially RE/MEi of S3 is low compared with S1 and 
S2. The negative effect of a higher RE/MEi value on FCR in S3 birds is largely compensated 
by a high AME value of the diet and a low body fat content in these birds. 
A lower RE/MEi value means that more energy is released as heat to the environment as is 
shown in the last column of Table 2. More heat production per gram of weight gain also 
means that more oxygen is consumed for the same BWG in S3 than in S1 and S2, which 
was facilitated by the longer growth period of S3 birds. The lower FCR of S1 compared wi th 
S2 is the result of a higher value for PFR and of a lower value of HP and thus for OXc per 
gram of weight gain. The latter can be related to susceptibility for ascites. 
Adaptive Responses to a Low Ambient Temperature 
Table 3 shows the probability values of significance tests of effects of stock, and diets and 
their interactions on AMEi/W*, AOXc/W*, AHt, and AHB values as adaptive responses to 
a low Ta compared with a high Ta. 
136 Chapter 5 
TABLE 3. Probability values of significance tests of effects of experimental factors1 on 
adaptive responses to a low Ta compared to a high Ta in respect to: 1 . 
Differences in AME intake (AMEi), oxygen consumption (AOXc), both calculated 
per metabolic weights per cage for an entire growth period of broilers for 1 wk 
until a mean fixed end weight was reached; 2. Differences in haematocrit values 
(AHt) and in haemoglobin contents (AHB) in blood measured at 5 wk of age. 
Variable2 Stock (S) Diet (D) S x D 
AMEi/W* 
AOXc/W* 
AHt 
AHB 
1
 Stock = three genetic groups of broilers, a pure sire line primarily selected for a low feed conversion 
ratio combined with a fast growth rate (S1), a commercially available broiler cross (S2) in which S1 
was one of the grandparental lines, and a pure line primarily selected for a low feed conversion ratio 
(S3) exhibiting a slower growth rate than S1 and S2. Diets = 2 diets, a normal broiler diet (DN) and 
the same diet supplemented with 2 ppm thyroxine (DT4). 
2MEi in kilocalories, OXc in liters both per entire experimental period; W* = mean body weight in 
kilograms to the power .75; Ht in percentage in blood; HB in g per 100 ml. 
x = P<.05 
xx = P<.01 
xxx = P<.001 
Means of adaptive responses to a low Ta for energy and blood parameters as affected by 
main factors are shown in Table 4. 
TABLE 4. Mean values of adaptive responses to a low Ta compared with a high Ta as 
affected by experimental factors1, in respect to: 1 . Differences in AME intake 
(AMEi) and in oxygen consumption (AOXc) both per metabolic weight (W*) for 
the entire experimental period; 2. Differences in haematocrit values (AHt) and in 
haemoglobin contents (AHB) in blood samples taken at 5 wk of age 
Stock Diet 
Variable2 
AMEi/W* 
AOXc/W* 
AHt 
AHB 
S1 
356 
135 
5.0 
1.7 
S2 
639 
196 
1.7 
.4 
S3 
896 
199 
2.9 
.5 
DN 
595 
200 
4.1 
.8 
DT4 
666 
153 
2.3 
.9 
1
 Stock = three genetic groups of broilers, a pure sire line primarily selected for a low feed conversion 
ratio combined with a fast growth rate (S1), a commercially available broiler cross (S2) in which S1 
was one of the grandparental lines, and a pure line primarily selected for a low feed conversion ratio 
(S3) exhibiting a slower growth rate than S1 and S2. Diets = 2 diets, a normal broiler diet (DN) and 
the same diet supplemented with 2 ppm thyroxine (DT4). 
2MEi in kilocalories, OXc in liters both per entire experimental period; W* = mean body weight in 
kilograms to the power .75; Ht in percentage in blood; HB in g per 100 ml. 
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Mean values of AMEi/W*, AOXc/W*, AHt and AHB for combinations of levels of stocks and 
diets are given if interactions were significant in Table 5. Main effects of each factor 
separately are interpreted only if interactions of that factor with the other factor are less 
important than the main effect. 
TABLE 5. The significant (P<.05) interactions of stock with diet on adaptive responses to 
a low Ta compared with a high Ta in respect to: 1 . Differences in AME intake 
(AMEi) and in oxygen consumption (AOXc) both per metabolic weight (W*) ; 2. 
Differences in haematocrits (AHt) and haemoglobin contents (AHB) in blood 
samples taken at 5 wk of age 
Interaction AMEi/W* AOXc/W* AHt AHB 
DN x 
DN x 
DNx 
DT4 
DT4 
DT4 
S1 
S2 
S3 
x S1 
x S2 
xS3 
129 
700 
956 
583 
578 
837 
109 
232 
258 
161 
159 
140 
8.4 
.8 
3.0 
1.5 
2.5 
2.9 
2.5 
.2 
-.2 
.9 
.5 
1.3 
LSD3 215 46 2J3 VI 
1
 Stock = three genetic groups of broilers, a pure sire line primarily selected for a low feed conversion 
ratio combined with a fast growth rate (SU, a commercially available broiler cross (S2) in which S1 
was one of the grandparental lines, and a pure line selected for a low feed conversion ratio combined 
with a slow growth rate. Diets = 2 diets, a normal broiler diet (DN) and the same diet supplemented 
with 2 ppm thyroxine (DT4). 
2MEi in kilocal, OXc in liters both per entire experimental period; W* = mean body weight in kilograms 
to the power .75; Ht in percentage in blood; HB in g per 100 ml. 
3LSD = least significant difference based on two sided tests (a = .05). 
Tables 3 and 4 show that AMEi of S1 is markedly lower than in S2 and S3 birds. S3 showed 
the highest response in AMEi to a low Ta. The same tables show that S1 birds exhibited the 
highest increase in Ht values at a low Ta. The effect of thyroxine (T4) supplement to the 
diet appeared primarily in interactions between stock and diet (Tables 3 and 5). 
Table 5 shows that AMEi of S1 birds fed DN was clearly lower than compared wi th S2 and 
S3. By adding T4 to the diet the adaptive response of S1 to a low Ta was increased to the 
same level as S2. S3 birds demonstrated the highest adaptive response to a low Ta in both 
diets. The effects of T4 in diets on AOXc are similar as is shown on AMEi. Birds fed DN 
showed relatively a low increase in OXc at a low Ta (AOXc). In DT4 treatments the adaptive 
response (AOXc) of S1 birds was improved and was at the same level as S2 and S3 birds. 
Blood Parameters as Indicators for Susceptibility for Ascites 
Table 5 shows that AHt and AHB values are especially high in S1 birds fed a normal diet 
(DN). These results indicate that S1 is susceptible for ascites which is in agreement wi th 
results shown in Table 1. Values for AHt and AHB in S1 birds fed DT4 are markedly lower 
than found for the same stock fed DN. T4 supplementation to the diet resulted for the other 
stocks in relatively small responses to a reduced Ta, in respect to AHt and AHB values. From 
79 ascitic birds as found in the total experimental period only 10 birds belonged to the Ta 
high treatment and 69 birds were found in the Ta low treatment. In Table 6 the percentage 
of ascitic birds is given for the Ta low treatment per stock and per diet. 
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TABLE 6. The percentage of ascitic birds found in the three broiler stocks1 S I , S2 and S3 
kept at a low ambient temperature (Ta low) fed two diets2 (DN and DT4) 
Stock 
S1 
S2 
S3 
DN 
% 
31 
10 
4 
DT4 
% 
28 
12 
11 
1
 Stock = three genetic groups of broilers, a pure sire line primarily selected for a low feed conversion 
ratio combined with a fast growth rate (S1), a commercially available broiler cross (S2) in which S1 
was one of the grandparental lines, and a pure line selected for a low feed conversion ratio combined 
with a slow growth rate. 
2Diets = 2 diets, a normal broiler diet (DN) and the same diet supplemented with 2 ppm thyroxine 
(DT4). 
Table 6 shows that exogenous T4 supplied to S1 birds did not clearly reduce the percentage 
of ascitic S1 birds in the experiment. As on the one hand T4 supplementation may improve 
the blood circulation and may prevent hypoxemia and anoxia, on the other hand T4 addition, 
stimulating the heart will lead to an increased work load of the heart, which also may induce 
heart failure and ascites. A tendency for an increased percentage of ascitic birds by T4 
addition in S3, which is considered not to be very susceptible for ascites, could be 
attr ibuted to a combination of the distinct stimulating effect of a low Ta on energy 
metabolism (AMEi) especially in S3 birds (Table 5), wi th an extra stimulant (T4 
supplementation) affecting the work load of the heart. 
DISCUSSION 
The experimental results showed that selection procedures primarily focused on a low FCR 
combined with different growth rates can have different effects on energy partitioning in 
metabol ism. A low value of FCR in S1 birds compared to S2 birds can be attributed to a 
higher PFR in deposited tissue and to a lower value for HP per g of BWG. 
An even lower value for FCR in S3 birds compared to S2 and S1 birds at the same end 
weight can be attributed to the better metabolizability of the diet in S3 and to the much 
higher value of PFR in S3 compared to S2 and S 1 . 
The lower values for energetic efficiency of S3 birds (RE/MEi) and the higher value for HP 
per BWG in S3 birds compared wi th S2 and S1 birds would predispose S3 birds to a high 
FCR relative to S2 and S 1 . But the negative effect of a higher rate of heat production per 
RE and per BWG in S3 compared to S2 and SI and which is in conformity wi th the longer 
growth period of S3 to attain the same end weight, is amply compensated by a higher AME 
value of the diet and by a high PFR in deposited tissues. In S3 birds a low FCR is combined 
w i th a high rate of HP and OXc per RE and BWG which might be in favour to reduce 
susceptibility for ascites in broiler stocks (Scheele et al., 1991 and 1992). 
The occurrence of ascites in broiler flocks can be increased by exposing broilers to an 
environment which demands a high rate of HP and OXc (Scheele et al., 1991). Results of 
Scheele et al. (1992), obtained with the same broiler stock as was used in the present 
experiment (S1 birds), indicated that these birds had an insufficient ability to produce 
thyroid hormones in circumstances demanding a high metabolic rate, such as a low Ta. At 
a low Ta, hypothyroidism could lead to an impaired blood circulation, to a reduced OXc, to 
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hypoxemia and anoxia which is supposed to initiate heart failure and ascites (Scheele et al., 
1995). 
Adaptive responses to a low Ta mean increased HP and OXc rates and to fulfill these 
increments also an increased intake of energy. Scheele et al. (1991 and 1992) found that 
at a low Ta S1 birds relative to S2 birds demonstrated low plasma concentrations of T4 
concomitant wi th low values for MEi and OXc both per metabolic weight. 
Low adaptive responses to a low Ta in S1 birds compared wi th S2 birds in respect to MEi 
and OXc in the present experiment are fully in agreement wi th the results of Scheele et al. 
(1991). Supplying exogenous T4 to the stocks in this experiment increased responses (AMEi 
and AOXc) to a low Ta of S1 birds to comparable values as found in S2 birds. 
A decreased thyroid activity decrease ATP-ase activity, reducing OXc, which thereby 
reduces myocardial contractility (Klein and Levey, 1984). Hypothyroidism in S1 birds kept 
at a low Ta could have been responsible for an impaired blood circulation and a sluggish 
transport of oxygen to tissues. This might have resulted in hypoxemia and anoxia fol lowed 
by the occurrence of a high number of ascitic S1 birds as is shown in Tables 1 and 6. 
Hypoxemia is known as an important erythropoietic stimulus (Sturkie, 1986) and increases 
Ht and HB values in blood. S1 birds kept at a low Ta showed a marked increase in Ht and 
HB values compared to a high Ta and compared to S2 and S3 birds, suggesting the 
occurrence of hypoxemia in S1 at a low Ta. The increase of Ht and HB values in S1 birds 
at a low Ta was markedly reduced by a supply of exogenous T4. 
These results suggest that effects of a low Ta in S1 birds on hypoxemia could have been 
alleviated by a supply of T4 which also might have abolished an inhibited metabolic rate. 
This explanation is fully in concord wi th increased adaptive responses in respect to AMEi 
and AOXc, in S1 at a low Ta, as a result of supplying exogenous T4. At last the dual role 
of thyroid hormones in controlling circulation rate and work load of the heart should be 
noted. A low thyroid hormone activity followed by an impaired oxygen transport in the body 
and by hypoxemia can increase the work load of the heart in environments demanding a 
high rate of oxygen supply. In such circumstances hypothyroidism could exert pulmonary 
vasoconstriction which increases the work load of the right ventricle of the heart initiating 
heart failure and ascites (Scheele et al., 1991). 
On the other hand a high thyroid hormone activity will increase the heart rate and thereby 
also increase the work load of the heart. Hyperthyroidism could also be responsible for an 
overload of the heart and therefore for heart failure. In this experiment a supply of 
exogenous T4 improved adaptive responses of S1 birds to a low Ta and reduced values of 
blood parameters indicative for hypoxemia. A supply of exogenous T4 in S1 birds did not 
clearly reduce the percentage of ascitic birds. The direct stimulating effect of extra T4 in 
metabolism on the heart rate might have neutralized the positive effect of T4 on reducing 
hypoxemia and on increasing OXc. The results of this experiment indicate that a changed 
thyroid hormone activity might be one of the correlated responses to a selection of broiler 
stocks on a low FCR combined with a high body weight gain. 
Especially if a low FCR is achieved by a decreased maintenance requirement, related to a 
decreased physical activity and a decreased HP and OXc, thyroid hormone activity will be 
also decreased. In this way low thyroid hormone activity is directly involved in obtaining a 
lower FCR. Such a reduced thyroid activity should adapt to a changed environment, 
demanding a higher metabolic rate, by an increased activity as was found by Scheele et al. 
(1995) in S2 birds. If S1 birds fail to increase their thyroid activity, if necessary, than the 
occurrence of metabolic disorders (ascites) may be the result. Selection on FCR may have 
divergent effects on the circulatory and endocrine systems in the chicken. Whereas the 
endocrine system is concerned with regulation of body functions, the circulatory system 
including the cardiovascular system serves to transport and distribute essential substances 
to the tissues and to remove by-products of metabolism. Endocrine and circulatory systems 
also share in such homeostatic mechanisms as regulation of body temperature, humoral 
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communication throughout the body, and adjustments of oxygen and nutrient supply in 
different physiological states. Considering those coordinating and integrating systems of the 
body it becomes clear that a continuing selection procedure on reducing FCR combined wi th 
a high body weight gain as not well defined traits can have profound effects on health of 
chickens. The experimental results also reveal that selection on low FCR in some cases can 
be effective without reducing the capacity for HP and OXc. 
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ABSTRACT 
A growth and energy balance experiment was carried out, wi th male broilers of five broiler 
stocks all selected with different intensities for a low feed conversion ratio (FCR) and for 
body weight gain (BWG). The birds were kept at a low ambient temperature (low Ta) 
stimulating heat production (HP) and oxygen consumption (OXc). Oxygen and carbondioxide 
tensions of blood samples taken at 4 wk of age were related to performance data and 
metabolic parameters. Stocks exhibiting a fast growth rate combined wi th a low FCR 
showed low oxygen tensions in venous blood and a high incidence of heart failure syndrome 
and ascites. Especially those lines which derived their low FCR from low rates of HP an OXc 
as measured in the experiment showed hypoxemia and susceptibility for ascites compared 
with a line in which a low FCR was derived primarily from a high protein fat ratio (PFR) and 
which showed higher values for HP and OXc in relation to performance and protein 
accretion. A low incidence of ascites combined with highest values for HP per body weight 
gain (HP/BWG), for OXc per protein deposition (OXc/RP) and for oxygen tension in blood 
were found in the population characterized by a relative slow growth rate combined with 
a relative high FCR compared wi th other populations. 
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INTRODUCTION 
Modern breeds of broiler chickens are selected for a high rate of body weight gain and a 
low feed conversion ratio (FCR). Scheele and Frankenhuis (1989), Scheele et al. ( 1 9 9 1 ; 
1992) reported that different populations wi th divergent growth rates and feed conversion 
ratios differed in metabolic characteristics which could be related to metabolic diseases like 
heart failure syndrome (HFS) and ascites. The authors suggested that if a low FCR is 
obtained mainly by a low rate of heat production (HP) and oxygen consumption(OXc) in 
accompaniment w i th a fast growth this might induce hypoxemia, heart failure syndrome, 
and ascites. Sillau et al. (1980) found in hypoxic chickens at a high altitude increased 
values of pulmonary arterial pressure and a high incidence of right heart insufficiency. 
Peacock et al. (1989) found in normoxic chickens at sea level a relationship between 
hypoxemia (induced by a fast growth rate), pulmonary hypertension and right ventricular 
hypertrophy of which the latter is accepted to be the preliminary phase of the occurrence 
of ascites. Scheele et al. (1995) studied adaptive metabolic responses to a low ambient 
temperature (Ta), demanding a high metabolic rate and an increased heat production per 
gram of body weight gain (HP/BWG) of populations of chickens differing in growth rate and 
FCR compared w i th a normal Ta. 
They found that chickens which were characterized by a relative small increase in OXc at 
a low Ta and by a low thyroid hormone activity, regulating metabolic rate and HP, showed 
distinctly increased values for haematocrits and heart weights as indices of susceptibility 
of ascites compared to populations demonstrating a more intensive adaptive metabolic 
response to a low Ta. The population with the lowest values for response parameters also 
showed a high rate of mortality caused by heart failure and ascites. A low FCR also can be 
obtained by exchanging deposition of fat by deposition of lean body mass consisting of 
protein combined wi th a considerable amount of water. On the other hand maintenance of 
protein in lean body mass, as a result of protein turnover, will cost much more oxygen than 
maintenance of fat (Scheele, 1993). Thus, at a low Ta, demanding a high oxygen 
requirement, also a low value of OXc per gram of deposited protein (OXc/RP) may indicate 
that oxygen becomes a limiting factor in metabolism. Peacock et al. (1979) and Reeves et 
al. (1991) showed that blood gas parameters like oxygen tension (PoJ . carbondioxide 
tension (Pc0 2 ' a n d oxygen saturation So 2 in blood, which are directly indicative for 
hypoxemia, can be measured to describe the susceptibility of broiler f locks for HFS and 
ascites. 
Measurements of these blood gas parameters in combination wi th measurements of 
HP/BWG and OXc/RP in an experiment wi th different populations of chickens kept in an 
environment inducing a high expenditure of oxygen can provide insight in relationships 
between energy partitioning, HP/BWG, and OXc/RP at one hand and the degree of 
hypoxemia present in blood and the percentage of ascitic birds at the other hand. 
In the present experiment five broiler populations differing in growth rate and FCR and kept 
at a low Ta were examined for differences in HP/BWG and in OXc/RP during a growth 
period until a fixed end weight was reached. These values were related to blood gas 
parameters determined at four wk of age. The aim of the study was to test the hypothesis 
that in birds exposed to an environment, demanding a high rate of heat production, a fast 
growth rate combined wi th a low FCR might be consonant to hypoxemia as found by blood 
gas parameters and to a high rate of mortality caused by heart failure and ascites. This 
might be especially the case if a low FCR in broiler populations could be attributed mainly 
to a low rate of HP and OXc relative to production parameters such as body weight gain 
and protein deposition. 
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MATERIALS AND METHODS 
An energy balance experiment was carried out wi th male broiler chickens of five different 
genetic stocks (S1 1 , S 2 \ S31, S4' and S5). S5 birds were described by Leenstra and Pit 
(1987) as FC birds. 
S 1 , S3 and S5 were pure broiler sire populations, and S2 and S4 were pure broiler dam 
populations. All populations had been selected wi th selection pressures for a low FCR and 
a fast growth rate which differed between populations. Values for FCR were lowest in S 1 , 
S3 and S5, were intermediate in S4 and were relatively high in S2. Growth rates were 
highest in S1 and S3, intermediate in S4 and lowest in S2 and S5. 
After hatching 240 chickens (48 birds per line) were allotted to 20 battery cages (1x.6 m) 
on raised wire floors (12 birds per cage) arranged in two climatized rooms. In each room two 
replicates (groups of birds) of one stock treatment were randomly assigned to the cages. 
The experiment was designed to give a similar final body weight (BW) of the birds per cage 
(mean BW per cage: 1900 g/bird). In order to reach this weight the duration of the 
experimental period of the different stocks was different. The duration of the experimental 
period for the stocks S1 to S5 was therefore respectively 36, 42 , 36, 38 and 42 days. 
Discrepancies in BWG, feed intake (Fl) and FCR were adjusted per cage to 1900 g live 
weight based on Fl and BWG during the preceding period of measurement (Table 1). 
Firstly, the length of the growing period to achieve a mean BW of 1900 g was calculated 
per cage by interpolation or extrapolation with values of BWG (g/bird/day) in the preceding 
period. Secondly, also Fl was adjusted in a similar manner. FCR at 1900 g live weight was 
calculated from the calculated BW and Fl. 
TABLE 1 . Adjusted length of periods as means of 4 cages (replicates) per stock for a mean 
BW = 1900 g 
Stock Length of 
experimental period 
(days) 
36 
42 
36 
38 
42 
Preceding period of 
measurement 
(days of age of birds) 
28-36 
35-42 
28-36 
28-38 
35-42 
Mean adjusted length 
of periods for 4 
replicates per stock 
for BWG of 1900 g 
(days) 
37.2 
44.4 
36.2 
39.7 
41.4 
S1 
S2 
S3 
S4 
S5 
Measurements 
Fl and BWG were measured weekly. The apparent metabolizable energy (AME) and the AME 
corrected for nitrogen equilibrium (AMEn) of the diet were measured during the 4th wk of 
age for all cages according to Scheele and Jansen (1972). The apparent metabolizable 
energy intake (MEi) over the experimental period was determined by multiplying the mean 
AME of a diet per stock by the Fl. RE, HP and OXc over the experimental period was 
measured according to the comparative slaughter method (Scheele et al., 1991). 
^ur ibr id B.V., 5831 JN Boxmeer, The Netherlands. 
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As all figures used in the energy balance experiment for calculating metabolizable energy 
intake (MEi), energy retention (RE), HP and OXc were derived from BWG and Fl all energetic 
parameters presented pertain to a final calculated body weight of 1900 grams. 
Deposition of energy, protein, and fat in birds of a mean body weight of 1900 grams was 
calculated assuming that determined contents of energy, protein, and fat in samples of 
broilers per cage which deviated from the fixed end weight were also valid for these 
calculations after an application of small adjustments of BWG. At 4 wk of age, blood 
samples were collected by venepuncture from two birds per cage. Blood gas contents 
(oxygen and carbondioxide) and oxygen saturation of the venous blood were measured wi th 
a blood gas analyzer (IL1306). Deaths were recorded daily and all dead birds were 
necropsied. 
During the experimental period and at the end of the experiment ascitic birds were judged 
by section. Characteristics for ascites by section were considered to be edema in the 
abdominal cavity, and hydropericard. The birds were fed, ad libitum, a normal pelleted 
broiler diet. 
Temperature Regimen and Environment 
The birds were exposed to a cold ambient temperature distinctly below the zone of 
thermoneutrality of these chicks (Scheele et al., 1987). 
During the period from 0-3 wk of age the ambient temperature (Ta) was gradually reduced 
from 3 0 ° C t o 15°C. 
From 3 wk of age until the end of the experiment Ta was kept constant at 15°C. By this 
low Ta all birds were forced to a high metabolic rate and to a high level of oxygen 
consumption (OXc). Continuous light was given during the first three days. After this t ime, 
a light regimen of 1 h light and 2 h of darkness was applied. 
Statistics 
All measured continuous variables were analysed by performing ANOVA (Genstat 5, 1987) 
according to the following model: 
Model 1: Ys = // + Block, + Stock, +e s 
Y response parameter 
p general mean 
Block block effect (rooms); i = 1,2 
Stock effect of stock; k = 1..5 (S1 ,S2,S3,S4,S5) 
e error (assumed to be independently and normally distributed with mean 0 and 
variance of a2) 
RESULTS 
Performance Data 
In Table 2 values for growth rate, feed conversion ratio (FCR) as calculated for an end 
weight of 1900 g are given. Also the percentages of ascitic birds as found by section in 
necropsied birds during and at the end of the experiment are presented. 
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TABLE 2. Growth rate, feed conversion ratio (FCR) and percentage of ascitic birds per 
stock present in the experiment at the start. 
Values are obtained from 5 broiler stocks kept at a low ambient temperature. 
Stocks1 Growth rate 
g/day 
51.1 
42.8 
52.5 
47.9 
45.9 
FCR 
g/g 
1.68 
1.98 
1.67 
1.78 
1.66 
Ascitic birds2 
% 
21 
-
13 
2 
2 
S1 
S2 
S3 
S4 
S5 
1
 Stocks = five genetic groups of broiler chickens, all selected for growth rate and a low feed 
conversion ratio, with different selection intensities for both traits between all stocks. 
2
 By section hearts and abdomen were examined on the presence of edematous fluids (hydropericard 
and ascites). 
Table 2 shows that S1 and S3 combined a high growth with a low FCR. These populations 
also appeared to be susceptible for HFS and ascites. 
S2 and S4 birds showed a relative slow growth rate and a higher FCR than other 
populations. S5 birds showed despite a relative slow growth rate the lowest FCR. 
Within the populations S2, S4 and S5 the percentage of ascitic birds was low. 
Metabolic Parameters 
In Table 3 determined AMEn values of the diet, PFR values in deposited tissue, HP/BWG, 
and OXc/RP are given of each stock. These metabolic parameters can explain the differences 
between FCR values of the five stocks of chickens shown in Table 2. 
TABLE 3. The apparent metabolizable energy corrected for nitrogen equilibrium (AMEn) of 
the diet, the protein/fat ratio in deposited tissue (PFR), the amount of heat 
production in k j per gram of body weight gain (HP/BWG), the oxygen 
consumption in litres (L) per gram of deposited protein (OXc/RP) of 5 broiler 
stocks kept at a low ambient temperature. 
Stocks1 AMEn diet 
MJ/kg 
PFR 
g/g 
HP/BWG 
U/g 
OXc/RP 
L/g 
S1 
S2 
S3 
S4 
S5 
14.1' 
14.3'b 
14.1* 
14.3*b 
14.6" 
1.6' 
1.1" 
1.4° 
1.3° 
2.0d 
13.4s 
15.8b 
12.6C 
14.1" 
14.4d 
3.6" 
4.5b 
3.5* 
4.1° 
3.9C 
LSD2 .4 
1
 Stocks = five genetic groups of broiler chickens, all selected for growth rate and a low feed 
conversion ratio, with different selection intensities for both traits between all stocks. 
2
 LSD = least significant difference based on two sided tests (a = .05). 
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Table 3 shows that S5 exhibited a higher metabolizability of the diet than S1 and S3. A 
high value for AMEn is in favour for low FCR. 
The slow growing line S2 exhibited the lowest PFR. A slow growth rate and a high fat 
content can explain the high value for FCR of S2. 
The other slow growing line S5 showed the highest PFR. A low fat content and high 
content of lean body mass which means a high content of water in deposited tissues is in 
favour for a low FCR. Despite a slow growth rate of S5 which is unfavourable for a low 
FCR still a low FCR in S5 is achieved by high values for AMEn and for PFR. 
Values for HP/BWG and OXc/RP are lowest in the fast growing lines both wi th a low FCR. 
S2 birds which combined a slow growth rate wi th an high FCR exhibited the highest values 
for HP/BWG and OXc/RP. 
Values for these parameters directly related to energy expenditure for maintenance were 
intermediate in S4 and S5 birds. 
Haematological Parameters 
In Table 4 values are given for Po2 , PC02 , ^ 0 2 a n d HCOj in mixed venous blood. 
TABLE 4. Blood gas parameters Prj2. PC02 , s 0 2 a n d HC03' contents in venous blood of 
f ive broiler stocks kept at a low ambient temperature. 
Stocks1 P02 PC02 So 2 HCOj 
kPa kPa % g/L 
S1 
S2 
S3 
S4 
S5 
LSD2 1.0 .6 10.0 .11 
1
 Stocks = five genetic groups of broiler chickens, all selected for growth rate and a lower feed 
conversion ratio, with different selection intensities for both traits between all stocks. 
2
 LSD = least significant difference based on two sided tests (a = .05). 
Table 4 shows that the populations S1 and S3, which combined a fast growth rate w i th 
a low FCR, had low values of Po2 and high values of P c 0 2 relative to the corresponding 
values of the S2 population which is characterized by the slowest growth rate and the 
highest FCR of all stocks in the experiment. S1 which showed the highest percentage of 
ascitic birds in the experiment (Table 2) also showed the lowest Po2 and the highest P c o 2 
values compared to other stocks. 
Oxygen saturation of venous blood (So,) was also lowest in S1 and S3 and highest in S2. 
In accordance w i th P c 0 2 values it was found that HCO3 contents in S2 were lower than 
in other populations. High values for HCO3 contents were found especially in S4, S3 and 
S1 which exhibited the highest values for growth rate. 
6.2a 
8.3" 
6.9ac 
7.5bc 
7.4bc 
8.0ac 
6.7" 
8.4" 
7.6C 
•7 gac 
66.9a 
81.4b 
66.5a 
74.2ab 
73.2ab 
1.73 
1.56 
1.79 
1.83 
1.69 
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DISCUSSION 
Heat production and oxygen consumption of five populations of broiler chickens differing 
in growth rate, FCR, but also in susceptibility for ascites were stimulated by a low Ta. In 
these circumstances distinct differences in respect to energy metabolism and blood gas 
parameters were shown. 
Differences in FCR, as a result of selection procedures, between the populations could be 
attributed to different causes. A low FCR in S1 and S3 was related to a low rate of HP and 
thus of OXc per amount of produced tissue. The same low FCR in S5 was despite higher 
values for HP and OXc compensated by a higher PFR, which means more accretion of lean 
body mass and thus by more accumulation of water in deposited tissue. 
S4 showed a higher FCR than S 1 , S3 and S5. This was related to a less fast growth rate 
and higher values for HP/BWG than S1 and S3 and to a much lower value for PFR than S5. 
S2 birds combined a slow growth rate comparable to S5 wi th an high FCR if compared wi th 
the other stocks. The result was that S2 birds presented a low value for PFR and high 
values for HP/BWG and OXc/RP. The latter was facilitated by the relative low quantity of 
deposited protein in BWG. 
The s low growing line S5 presented a striking low FCR notwithstanding high values for 
HP/BWG. The low FCR of S5 was related to a high efficiency in digesting the diet (a high 
AMEn value) and especially to high values for PFR. A high level of protein accretion in S5 
may cause an intensive metabolism related to high maintenance requirements of deposited 
protein which in turn can be related to the amount of work performed by muscles and to 
protein turnover. A high metabolic activity in S5 birds relative to S2 birds might explain 
higher values for P c o 2 a n c ' HCOj in S5 birds compared to S2 birds. 
S4 birds produced in most cases intermediate values of measured parameters. High values 
for P c 0 2 a n d HCOj in venous blood of S4 birds indicated an intensive metabolism in these 
birds, which showed relative to S2 and S5 birds a fast growth rate. Obviously high values 
for HP/BWG and OXc/RP in S4 birds, in concord wi th relative high Po2 and So 2 values in 
blood, preserved these birds from susceptibility for heart failure and ascites. A high 
incidence of heart failure and ascites was found in S1 and S3, these birds demonstrated 
a fast growth rate and low FCR which could be attributed to low values of HP/BWG and 
OXc/RP. 
A distinct support to the existence of a relationship between the occurrence of ascites in 
modern fast growing broiler populations exhibiting low values for FCR and the availability 
of oxygen in metabolism was obtained by comparing values given in Tables 2, 3 and 4. The 
lines S1 and S3 combined a very fast growth rate wi th an efficient conversion of feed in 
retained protein and fat. These lines derived a low FCR from relative low values for 
HP/BWG and for OXc/RP. 
Furthermore, the same lines S1 and S3 revealed hypoxemia in venous blood relative to 
values for Prj2 and Sr j , as found in the slow growing line S2 wi th a high FCR. Additionally 
it must be stressed that S2 birds, in this experiment did not show any susceptibility for 
ascites. 
The results of this experiment reveal that modern selection procedures in broiler breeding 
can have differential effects on energy metabolism and expenditure and on oxygen 
consumption in these birds. Other experimental results showed that these differences were 
accompanied wi th changes in thyroid hormone concentrations in plasma (Scheele et al., 
1992), in blood parameters such as haematocrits (Scheele et al., 1991), in heart weights 
as a percentage of body weight (Scheele et al., 1995), and lactic acid contents (Scheele 
and Frankenhuis, 1989), which could explain differences in susceptibility for ascites 
between broiler f locks. 
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In this experiment also differences in oxygen and carbondioxide tensions in blood were 
shown, being indicators for hypoxemia which is accepted to be an initiator of diseases such 
as heart failure syndrome and ascites (Sillau et al., 1980; Reeves et al., 1991 ; Julian et al., 
1993). The present results showed that low values for HP/BWG and OXc/RP, as factors 
related to a low FCR, in two broiler populations were accompanied w i th low levels of P o , 
and S o and wi th high levels of Pc0 2 - The same two populations distinctly showed 
susceptibility for HFS and ascites. 
A population exhibiting high values for HP/BWG and OXc/RP also showed highest values 
for P o , and So 2 and lowest values for Poo • The same population, in this experiment 
exposed to a low Ta which can provoke the incidence of ascites, did not show any 
susceptibility for ascites. From the results is concluded that selection procedures resulting 
in decreased values for HP/BWG and OXc/RP, which are related to a decreased FCR, can 
increase the susceptibility for ascites in populations of broiler chickens. 
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G E N E R A L D I S C U S S I O N 
INTRODUCTION 
In this thesis a model has been developed describing how homeostenosis in animals 
resulting in heart failure and edema in lungs, heart, and abdominal cavity can be generated 
by changes in different physiological states in the body. Changes in the circulatory and 
endocrine systems, affecting homeostatic mechanisms and inducing pathological 
condit ions, have been discussed. Selection procedures in poultry breeding programs are 
focused on an increase of growth rate and on a decrease of feed conversion ratio in 
chickens. Effects of such selection systems on energy partit ioning, oxygen requirements 
and on adaption of chickens to a changed environment were elucidated. Relationships 
between metabolizable energy intake (MEi), energy partitioning, energy retention (RE), 
oxygen consumption, oxygen requirements and thé occurrence of heart failure syndrome 
(HFS) and ascites in chickens have been described. In this final chapter the main points of 
the previous chapters wil l be discussed in an integrated approach. 
Based on physical and biochemical concepts and on conclusions derived from described 
experimental results a practical strategy to reduce disorders in the circulatory and endocrine 
systems of modern broiler chickens breeds wil l be discussed. 
Finally prospects for further research to reduce the occurrence of ascites and to improve 
health of chickens will be given. 
ENVIRONMENTAL AND GENETIC FACTORS INDUCING HEART FAILURE AND ASCITES IN CHICKENS 
In literature, the occurrence of ascites at high altitudes and its relation to a low oxygen 
pressure in the air is well documented (chapter 1). Hypoxia (a low oxygen tension in the 
inspired air) causes an increase in pulmonary arterial pressure in humans and in animals. 
The consensus of all studies on hypoxic pulmonary pressor response is that besides an 
increased heart rate, pulmonary vasoconstriction of the precapillary arterioles is an 
eminently important component in a control system that matches ventilation and perfusion 
and that preserves arterial Po2- A reduction of the oxygen tension in the air stimulates a 
recruitment of reserve capillaries in the pulmonary vascular bed which previously were not 
perfused. A redistribution of the blood f low toward upper or apical lung parts can be 
achieved by an increase in resistance to f low of that part of the vascular bed which, 
before, was used solely for transport of pulmonary blood. A local increase of resistance to 
f low is obtained by vasoconstricting of arterioles in this region. 
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Increasing growth rate of birds means that time to reach slaughter weight wil l be reduced. 
As a result total maintenance requirements in a growing period, which can be expressed 
as a funct ion of t ime, wil l be reduced by a faster growth rate. A reduced expenditure of 
energy for maintenance means a reduced HP/RE. Low values for HP/RE also mean that 
dietary energy is deposited efficiently and that values for RE/MEi as a measure for energetic 
efficiency for growth will be high. 
In chapter 1 is elucidated that exchanging body fat by lean body mass in birds exhibiting 
a low energetic efficiency, which means a relative high rate of OXc, wil l not have much 
effect on oxygen requirements. 
In an example it was calculated in birds which showed a low energetic efficiency that body 
fat and lean body mass are using approximately the same amounts of oxygen per gram 
during a growth period of six weeks. It was also calculated that in birds exhibiting a high 
energetic efficiency an exchange of body fat by lean body mass resulted in a distinctly 
increased oxygen requirement. 
If we assume that selection procedures, focused on a reduction of FCR, do not result in an 
inhibited supply of oxygen (reducing physical activity) but effectuate mainly an exchange 
of body fat by lean body mass than in energetically efficient birds this wil l lead to an 
increased oxygen requirement. Under unfavourable environmental conditions such an 
increased oxygen requirement, without changes of oxygen supply, again can result in 
hypoxemia. 
In practice a reduction of FCR can be the result of both a reduction of oxygen supply and 
an increase of the protein-fat ratio inducing an increased oxygen requirement. 
A continuous selection pressure to reduce FCR at last will inevitably lead to leaner birds 
and to a high energetic efficiency which means a reduced HP and OXc in relation to 
deposition of protein. For this reason it can be stated that a continuous selection on a low 
FCR in combination wi th a selection on a fast growth rate, leading to a high energetic 
efficiency, at last will be detrimental for health and liveability of chickens and wil l result in 
diseases like heart failure and ascites. 
THYROID HORMONES REGULATING METABOLIC RATE 
Thyroid hormones are acting as a control system in regulating metabolic rate, heat 
production and thus oxygen consumption. 
Experimental results presented in chapters 3 and 4 showed that thyroid hormone 
concentrations in plasma (T3 and T4) were lowest in broiler stocks exhibiting a low rate 
of oxygen consumption and which demonstrated susceptibility for ascites by exhibiting high 
haematocrit values and high heart weights as a percentage of body weight. 
A low thyroid hormone activity reducing heat production (physical activity) will increase the 
energetic efficiency of metabolizable energy intake for energy retention (RE/MEi). A higher 
value for RE/MEi is one of the factors which can reduce FCR. In this way it is clear that a 
low thyroid hormone activity can be in favour for a low FCR. 
The results obtained in chapters 3 and 4 support the hypothesis that hypothyroidism 
reducing HP and OXc might be one of the correlated responses to a selection for a low 
FCR. 
A decreased thyroid activity wil l decrease ATP-ase activity, which thereby reduced 
myocardial activity (Klein and Levey, 1984). Hypothyroidism therefore can be responsible 
for an impaired blood circulation and a decreased transport of oxygen to tissues. This also 
may result in hypoxemia, heart failure and ascites. 
Results obtained in chapter 5 show that supplementation of exogenous thyroxine to 
chickens susceptible for ascites can have positive affects on initial conditions responsible 
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for the development of ascites in birds. Supplementation of T4 resulted in lower 
haematocrits and haemoglobin contents in blood. High values of both blood parameters are 
indices of susceptibility for ascites. T4 added to diets also increased adaptive responses 
of birds, which were susceptible for ascites, to a low ambient temperature, w i th respect 
to oxygen consumption. The experimental results revealed that a low thyroid hormone 
activity might cause impaired adaptive responses of birds to an unfavourable environment 
which may induce ascites. 
A PRACTICAL STRATEGY FOR REDUCING THE OCCURRENCE O F METABOLIC DISORDERS IN BROILER 
CHICKENS 
Serious problems inducing stress and illness in modern broiler chicken populations demand 
serious concepts explaining causes and pathological pathways of the development of these 
problems. First, knowledge should be gathered about consequences of changes of 
environmental conditions in poultry husbandry and of different selection procedures on 
metabolism and on the principal coordinating and integrating systems of the body such as 
the circulatory, endocrine and nervous systems. As to metabolism it should be recognized 
that patterns in energy partitioning should not be changed towards an abolishing of those 
maintenance processes which are intrinsic parts of an acceptable state of health wi thout 
clear symptoms of metabolic disorders. Effects of selection and environment on metabolism 
include effects of temporal growth patterns and organ developments in the growth period 
on energy partitioning and on balances between energy used for deposition and energy and 
oxygen used for maintenance. 
During growth the various organs of the body can be divided into main groups, consuming 
and supplying organs, according to their function in energy metabolism (Lilja, 1981). The 
consuming organs are characterized by requiring energy for deposition and maintenance 
(pectorals and feathers) and by requiring energy for work and maintenance (heart and 
digestive tube). The supplying organs are responsible for making energy available for 
growth processes and are represented by the digestive tube, the liver, the lungs and again 
the heart. 
Lilja (1983) studied the distribution of growth between different organs in different species 
of birds. A high specific growth rate (the absolute growth rate at a certain time divided by 
the body weight at this time) was found in geese, fieldfares and jackdaws and was 
accompanied wi th a rapid early development of supplying organs (digestive tube and liver) 
in relation to consuming organs (pectorals and feathers). A reverse pattern is apparent in 
species which have a relative low specific growth rate (Björnhag, 1979) such as domestic 
chickens, quails and turkeys. In these birds the proportion of growth distributed to the 
pectorals and to the feathers during the early stages of development is considerably greater 
than that distributed to the digestive tube and to the liver. According to Lilja (1983) it is 
most reasonable to believe that animals characterized by a high specific growth rate also 
ought to be characterized by a rapid early development of supplying organs in relation to 
consuming organs. 
In the case of the fieldfare Björnhag (1979) reported a maximum specific growth rate of 60 
per cent in one day. According to Kaufman (1927), Björnhag (1979) and Lilja (1983) the 
distribution of growth between different organs in fast growing birds as geese, fieldfares, 
jackdaws and pigeons changes markedly during development. During the early stages of 
development it is biased towards the digestive tube and the liver giving a body organization 
designed for fast growth whereas during the late stages of development it is biased 
towards the pectorals and the feathers giving a body organization designed to perform the 
activities of the adult bird. 
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Björnhag (1979), Lilja (1983) and Kwakkel et al. (1994) observed that in relatively slow 
growing quails, turkeys and domestic chickens the body organization at each stage of 
development during growth is approximately the same as that of the adult bird. 
In the last decades, as a result of selection, growth rates of broiler chickens are increasing 
rapidly, possibly wi thout a sufficient change in ratio between development of supplying 
organs and development of consuming organs. It might be possible that imbalances 
between oxygen supply and oxygen requirement as are observed in some populations of 
broiler chickens is also induced by a retarded development of supplying organs. The latter 
could be a supplemental explanation for the findings of Altland (1961) that the altitude 
tolerance of young chickens was much less than that of young pigeons. Also results of 
experiments wi th chickens at high altitudes reported by Sillau et al. (1980) can be related 
to insufficiently operating organs. A practical strategy for selection procedures focused on 
a fast growth rate could be that attention should be paid to a rapid early development of 
supplying organs like heart, lungs, liver and digestive tract. 
It should be stressed that in such strategies also attention has to be paid to a balanced 
functioning of the circulatory, endocrine and nervous systems. A circulatory system, that 
serves to transport and distribute essential substances to the tissues and to remove by-
products of metabolism, that shares in homeostatic mechanisms as regulation of body 
temperature and physical activity, has to be controlled by an endocrinological system which 
is able to adapt to changes in genetical potential for growth and to changes in 
environmental circumstances. 
Observations based on behaviour of chickens, which are used as indicators for welfare of 
chickens, can be related to the nervous system which is primarily concerned w i th 
communications of different body functions. As far as nervous control of body functions 
(such as the sympathetic division of the autonomic nervous system that enhances atrial 
and ventrical contracti l i ty or the activity of sympathetic vasoconstrictor nerve fibres) 
interferes wi th energy and oxygen partitioning including the hormonal regulation of 
metabolism this should be studied according to an integrated approach. In this way well 
defined metabolic parameters can be utilized for a better understanding of basic 
mechanisms behind different expressions of behaviour. 
A clear interaction between behaviour and partitioning of energy and oxygen in the body 
of animal appears from following example. During fighting, or during strenuous work, or in 
response to artificial stimulation of a specific part of the hypothalamus, pronounced 
vasoconstriction can occur in the mesenteric vascular bed. This shifts blood f low from the 
temporarily less important intestinal circulation to more important muscles such as the 
heart (Nabuurs, 1995). 
Another example is the observation of a low level of physical activity, this might be due 
to hypoxemia and to anoxia in heart and skeletal muscles which can be accompanied wi th 
the perception of pain by the animal. By a translation of such expressions of behaviour in 
metabolic parameters, like OXc/RP and HP/BWG, and in blood gas parameters or in 
haematocrits of lactate/pyruvate ratios considerations about welfare can be better utilized 
in new strategies in selection and management of broiler chickens. 
FURTHER RESEARCH 
Studies on the impact of selection procedures, dealing with not well defined traits such as 
growth rate and feed conversion ratio, on metabolism, health and welfare of animals, in 
relation to environmental factors, should be continued. This kind of studies should be a 
prerequisite before genetic transformations interacting wi th environmental factors should 
be executed in practice. In research attention may be given to undesired developments in 
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a reduced deformability of blood cells in modern poultry breeds (Maxwell et al., 1986: 
Mirsalimi and Julian, 1991). A reduced deformability can result in increased f low resistance 
in blood vessels. This phenomenon also can initiate an increased blood pressure and heart 
hypertrophy. 
Vasoconstrict ion in the pulmonary circulation as an important initiator of pulmonary 
hypertension and failure of the right ventricle should be studied in relation to hypoxemia 
and oxidative phosphorylation in muscle cells of pulmonary arterioles to elucidate an 
important mechanism responsible for heart failure and ascites. 
In different phases of growth it should be investigated how oxygen consumption is 
matched to requirements of oxygen. During the development of body functions, 
measurements of parameters in energy balance experiments, by which oxygen consumption 
can be calculated, and of blood gas tensions, indicating oxygen requirements, consonant 
w i th the determination of indicators of metabolic disorders and wi th measurements on 
welfare, should be carried out. In this way critical stages in the process of growth can be 
described in relation to pronounced factors causing metabolic disorders which are present 
at these specific ages of chickens. Also in different phases of growth it can be determined 
how different energy and oxygen supplying organs (heart, lungs, liver and digestive tract) 
develop relative to the development of energy consuming organs such as muscles, feathers 
and maintenance functions in the body. 
In research on behaviour of animals hormonal systems are studied in relation to welfare. 
An example is the measurement of the effects of stressors that stimulate the action of 
glucocorticoids indicating differences in levels of stress in animals. Glucocorticoids also can 
depress circulating concentrations of thyroid hormones and somatomedins involved in 
energy metabolism as is elucidated in chapter 3. For this reason studies on stress as a 
response to the environment and focused on endocrine systems could be integrated w i th 
studies on hormones affecting energy metabolism such as thyroid and growth hormones. 
Behaviour, stress, hormonal states, adaptation, and energy metabolism, need to be f i t ted 
into one concept. 
REFERENCES 
Altland, P.D., 1961 . Altitude tolerance of chickens and pigeons. J . Appl. Physiol. 16, 1 4 1 -
143. 
Björnhag, G., 1979. Growth in newly hatched birds. Swedish J . Agric. Res. 9, 121-125. 
Kaufman, L , 1927. Recherches sur la croissance du corps et des organes du pigeon. 
Biologia Generalio 3, 105-128. 
Klein, I., and G.S. Levy, 1984. New perspectives on thyroid hormone, catecholamines, and 
the heart. The American Journal of Medicine, 76, 167-173. 
Kwakkel, R.P., N.G. Lange, G. Hof, and B.J. Ducro, 1994. Multiphasic allometry in ad 
libitum and restricted fed white leghorn pullets. 2. Growth of some skeletal bones 
and body organs. Submitted for publication in Poultry Science. 
Lilja, C , 1 9 8 1 . Postnatal growth and organ development in the goose (anser anser). 
Growth 45 , 3 2 9 - 3 4 1 . 
Lilja, C , 1983. A comparative study of postnatal growth and organ development in some 
species of birds. Growth 47, 317-339. 
Lloyd, T.C., 1965. Pulmonary vasoconstriction during histotoxic hypoxia. J . Appl. Physiol. 
20, 488-490. 
Marshall, C , and B.E. Marshall, 1983. Site and sensitivity for stimulation of hypoxic 
pulmonary vasoconstriction. J . Appl. Physiol. 55, 711-716. 
158 General Discussion 
Maxwell, M.H., G.W. Robertson, and S. Spence, 1986. Studies on an ascitic syndrome in 
young broilers. 1. Haematology and pathology. 2. Ultrastructure. Avian Pathol. 15, 
511-538. 
Maxwell, M.H., S. Spence, G.W. Robertson, and M.A. Mitchell, 1990. Haematological and 
morphological responses of broiler chicks to hypoxia. Avian Pathol. 19, 23-40. 
Mirsalimi, S.M., and R.J. Julian, 1991. Reduced erytrhocyte deformability as a possible 
contributing factor to pulmonary hypertension and ascites in broiler chickens. Avian 
Dis. 35, 374-379. 
Nabuurs, M.J.A., 1995. Personal communication. 
Peacock, A.J., C. Pickett, K. Morris, and J.T. Reeves, 1990. Spontaneous hypoxemia and 
right ventricular hypertrophy in fast growing broiler chickens reared at sea level. 
Comp. Biochem. Physiol. 97A, 537-547. 
Reeves, J.T., G. Ballam, S. Hofmeister, C. Pickett, K. Morris, and A.J. Peacock, 1991. 
Improved arterial oxygenation with feed restriction in rapidly growing broiler 
chickens. Comp. Biochem. Physiol. 99A, 481-495. 
Roncari, D.A.K., and V.K. Murthy, 1975. Effects of thyroid hormones on enzymes involved 
in fatty acid and glycerolipid synthesis. J. Biol. Chem. 250, 4134-4138. 
Rounds, S., and I.F. McMurtry, 1981. Inhibitors of oxidative ATP production cause 
transient vasoconstriction and block subsequent pressor responses in rat lungs. Circ. 
Res. 48, 393-400. 
Scheele, C.W., and M.T. Frankenhuis, 1989. Stimulation of the metabolic rate in broilers 
and the occurrence of metabolic disorders. Pages 251-255 in: Energy Metabolism 
of Farm Animals. European Association of Animal Production Publication Number 43. 
Y. van der Honing and W.H. Close ed. Pudoc, Wageningen, The Netherlands. 
Sillau, A.H., S. Cueva and P. Morales, 1980. Pulmonary arterial hypertension in male and 
female chickens at 3300 m. Pflügers Arch. 385, 269-275. 
Sterling, K., P.O. Milch, M.A. Brenner, and J.H. Lazarus, 1977. Thyroid hormone action: 
the mitochondrial pathway. Science 197, 996-999. 
Summary 159 
SUMMARY 
The present thesis describes the etiology of heart failure syndrome (HFS) and ascites in 
broiler chickens. 
In The Netherlands, ascites, as a cause of mortality in broiler chickens, is increasing 
steadily. Rates of mortality in broiler flocks in practice, related to HFS and ascites, during 
a growth period of approximately six weeks, nowadays vary between 2 and 10 percent. 
This depends on a genetically predisposition of the flock and on effects of environmental 
factors which can differ between different farms. 
The occurrence of ascites at high altitudes and its relation to the low oxygen pressure in 
the air is well documented (chapter 1). Hypoxia (a low oxygen tension in the inspired air) 
causes an increase in pulmonary arterial pressure in humans and in animals. The consensus 
of all studies on hypoxic pulmonary pressor response is that besides an increased heart 
rate, pulmonary vasoconstriction is an eminently important component in a control system 
that matches ventilation and perfusion and that preserves arterial Pfj2- A reduction of the 
oxygen tension in the air stimulates a recruitment of reserve capillaries in the pulmonary 
vascular bed which previously were not perfused. Vasoconstriction of arterioles in the main 
pulmonary blood stream increases the local resistance to f low and causes a redistribution 
of blood towards reserve capillaries. 
The increased total resistance to f low by the use of more small tubes distributing the blood 
to all regions of the lungs (by vasoconstriction) increases distinctly the work-load of the 
right ventricle of the heart (chapter 1). Increased blood pressure in the lungs and failure of 
the right heart ventricle causing an increased blood pressure in the veins of the systemic 
circulation results in edema in different parts of the body (lung edema, hydropericard and 
ascites). 
Now the same symptoms of edema and right ventricle hypertrophy and failure, known from 
high altitudes, are found in modern broiler-chicken breeds in non hypobaric conditions at 
sea level. 
Experimental results obtained with different species of animals at high altitudes and at sea 
level showed that at both locations at least partly the same initial conditions are responsible 
for the development of HFS and ascites. 
Hypoxia in the sense of a low oxygen tension in the airways appears not to be directly 
responsible for the pulmonary pressure response. More important is the result of hypoxia 
which can be measured as low values for oxygen tension in the blood (hypoxemia) and 
which directly can affect pulmonary arterioles. Hypoxemia leads to tissue oxygen 
deprivation or anoxia which directly can influence oxidative phosphorylation and which can 
induce vasoconstriction of pulmonary arterioles. 
Experimental results obtained wi th hypoxic chickens at high altitudes and wi th normoxic 
fast growing chickens at sea level indicate that in both cases hypoxemia and anoxia can 
be the initiating factors leading to an inhibited oxidative phosphorylation inducing 
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vasoconstrict ion of pulmonary arterioles. The subsequent increased pulmonary blood 
pressure results in hypertrophy and failure of the right heart ventricle and in edema 
including ascites. From this point of view a hypothesis was formulated that changes in 
metabolizable energy intake (MEi) and in energy partitioning in the body affecting oxidative 
phosphorylation quantitatively and thus oxygen requirements could be initial factors in the 
development of ascites. In accompaniment wi th changes in oxygen supply these factors 
could be responsible for pathophysiological processes in the body inducing HFS and ascites. 
Thyroid hormones initiating and stimulating oxidative phosphorylation therefore could 
interfere in those pathophysiological processes. 
Experiments wi th different populations of broiler chickens combined w i th effects of 
different environmental factors described in chapters 2, 3, 4 , 5 and 6 were carried out. The 
aim was to explore the impact of changes in MEi, together wi th changes in energy 
partit ioning into deposited protein and fat and into heat, and of changes in oxygen 
consumption on indices of susceptibility for ascites in chickens. Differences in MEi, in 
deposition of energy (RE) and in heat production (HP) between populations of chickens in 
experiments were obtained by using fol lowing experimental factors: 
1 . Different genetic groups of chickens obtained by differences in selection pressure on a 
fast growth rate and on a low feed conversion ratio (FCR) affecting MEi, energy 
partit ioning, and energy efficiency for growth (RE/MEi). 
2. Different dietary compositions, differences in energy density affecting MEi and nutrient 
composition affecting deposition of energy (RE), deposition of protein (RP), deposition 
of fat (RF), and heat production per body weight gain (HP/BWG). 
3. Different ambient temperatures affecting mainly MEi, HP/BWG, and oxygen 
consumption per deposition of protein (OXc/RP). 
4 . Supplementation of exogenous thyroxine (T4) in diets affecting MEi, and directly OXc 
fol lowed by responses of HP and RE. 
In the experiments was shown that populations which combined a low FCR wi th a fast 
growth rate exhibited low values for HP/BWG and OXc/RP and high values for RE/MEi and 
were more susceptible to ascites relative to other populations (chapters 2, 3, 4 , 5, and 6). 
These results indicated that in fast growing stocks, showing low FCR values as a result of 
high RE/MEi values, a fast protein accretion was achieved together w i th a reduced ability 
to convert chemical energy to metabolic heat. A low rate of HP and thus of OXc, which is 
not matched to high oxygen requirements, for synthesis and maintenance of protein in 
tissues, wil l lead to hypoxemia, heart failure and ascites. 
Fast growing birds wi th a low FCR showed less flexibility in metabolic adaptation to a 
changed environment such as a high fat content in diets and a low ambient temperature. 
Especially a low ambient temperature will demand a high rate of HP and OXc (chapter 2, 
3, 4 , and 6). An environment demanding a high level of OXc can induce an imbalance 
between oxygen supply and requirement in birds. A low FCR can be due to an inability to 
increase OXc above a certain level. This can reduce the transformation of dietary energy 
in heat energy. 
The same fast growing stocks exhibiting a low FCR, if exposed to a low temperature, 
showed distinctly lower oxygen tension values in venous blood relative to other stocks. The 
metabolic inability of birds to respond sufficiently to a low temperature by a higher rate of 
oxygen consumption, inducing hypoxemia and pulmonary hypertension, again can be 
responsible for the development of ascites. Experimental results described in chapters 3 
and 4 support the hypothesis that hypothyroidism reducing HP and OXc might be one of 
correlated responses to a selection for a low FCR. 
Results described in chapter 5 show that supplementation of exogenous thyroxine (T4) to 
chickens susceptible for ascites can have positive effects on initial conditions responsible 
for the development of ascites in birds. Supplementation of T4 resulted, only in a 
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population which was susceptible for ascites, in lower haematocrits and haemoglobin 
contents in blood. High values of both blood parameters are indices of susceptibility for 
ascites. T4 added to diets also increased adaptive responses of birds, which were 
susceptible for ascites, to a low ambient temperature, with respect to oxygen consumption. 
The experimental results reveal that a low thyroid hormone activity might cause impaired 
adaptive responses of birds to an unfavourable environment which can induce ascites. 
From the results is concluded that selection procedures and environmental factors which 
result in decreased values for heat production per gram of body weight gain and in 
decreased values for oxygen consumption per gram of deposited protein (both of them are 
related to a decreased feed conversion ratio) will increase the susceptibility for ascites in 
populations of broiler chickens. 
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SAMENVATTING 
Dit proefschrift beschrijft de etiologie van hartstoornissen (HFS) en ascites (buikwaterzucht) 
in vleeskuikens. 
In Nederland neemt de sterfte (uitval) ten gevolge van HFS en ascites, in populaties kuikens 
in de pluimveehouderij gestaag toe. Uitvalspercentages in deze populaties op 
pluimveebedrijven gedurende een groeiperiode van ongeveer zes weken, variëren nu (anno 
1996) tussen de 2 en 10 procent. De variatie tussen pluimveebedrijven wordt veroorzaakt 
door verschillen in genotype wat betreft gevoeligheid voor ascites en in verschillen in 
effecten van omgevingsfactoren, met inbegrip van het voer. 
Het verschijnsel ascites zoals dit op grote hoogte voorkomt en de relatie to t een lage 
zuurstofspanning in de lucht is uitgebreid beschreven in de literatuur (hoofdstuk 1). Hypoxie 
(een lage zuurstofspanning in de ingeademde lucht) veroorzaakt een verhoogde bloeddruk 
in de longslagader van mens en dier. 
Resultaten van studies leiden tot gelijkluidende conclusies dat naast een verhoogde 
hartactiviteit het verschijnsel van vasoconstrictie van longarteriolen een zeer belangrijke 
factor is in een systeem dat toevoer van bloed naar de verschillende longsegmenten 
afstemt op toevoer van zuurstof in de bronchi. 
Een goede afstemming bevordert een hoog zuurstofgehalte van het bloed. Een verminderde 
zuurstofspanning in de ingeademde lucht stimuleert het in gebruik nemen van haarvaten in 
de longen die voordien als zogenoemde reserve bloedvaten tijdelijk geen dienst deden. 
Vasoconstrictie van arteriolen in de hoofdbloedstroom in de longen verhoogt de plaatselijke 
stromingsweerstand en veroorzaakt daardoor een herverdeling van het bloed naar reserve 
bloedvaten. 
De toename van de totale stromingsweerstand door de vervanging van een beperkt aantal 
wijdere bloedvaten door een groot aantal bloedvaten met een kleinere diameter leidt tot een 
belangrijk verhoogde arbeidsbelasting van de rechter kamer van het hart (hoofdstuk 1). 
Een verhoogde bloeddruk in de longen heeft een verminderd functioneren van de rechter 
hartkamers tot gevolg. Dit leidt weer tot een verhoogde bloeddruk in de venae van de grote 
bloedsomloop. 
Het resultaat van deze storingen in de bloedcirculatie is het ontstaan van oedeemvormingen 
in de longen, in het hartezakje (hydropericard) en in de buikholte (ascites). Momenteel doen 
zich dezelfde symptomen van oedeemvorming en stoornissen van de rechter hartkamer, 
zoals die bekend zijn van streken op grote hoogte, voor bij moderne vleeskuiken populaties 
op zeeniveau, waarbij een verminderde zuurstofspanning in de lucht niet aan de orde is. 
Resultaten van onderzoek bij verschillende diersoorten, uitgevoerd op grote hoogte en op 
zeeniveau hebben aangetoond dat op beide locaties op zijn minst gedeeltelijk dezelfde 
aanvangscondities verantwoordelijk zijn voor het ontstaan van HFS en ascites. 
Hypoxie in de zin van een verlaagde zuurstofspanning in de luchtwegen blijkt niet direct 
verantwoordeli jk te zijn voor het ontstaan van een verhoogde bloeddruk in de longen. 
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Belangrijker is het resultaat van hypoxie dat gemeten kan worden als een verlaagde 
zuurstofspanning in het bloed (hypoxemie) en dat direct signalen kan afgeven aan de 
arteriolen in de longen. 
Hypoxemie leidt tot een tekort aan zuurstof in de weefsels (anoxie), dit kan direct de 
oxidative fosforylering in de spiercellen van arteriolen remmen gevolgd door vasoconstrictie 
van de long arteriolen. 
Resultaten van onderzoek verkregen met kuikens blootgesteld aan hypoxie op grote hoogte 
en met kuikens onder normale zuurstofdruk op zeeniveau geven aan dat in beide 
omstandigheden hypoxemie en anoxie de aanvangscondities kunnen zijn welke leiden tot 
een verminderde oxidatieve fosforylering. Uit onderzoek bleek dat een geremde oxidative 
fosforylatie leidde tot vasoconstrictie van de long arteriolen. 
De daardoor veroorzaakte verhoogde bloeddruk kan vervolgens resulteren in hypertrofie en 
een verminderd functioneren van de rechter hartkamer en in oedeem met inbegrip van 
ascites. Vanuit dit gezichtspunt werd een hypothese geformuleerd over effecten van 
verschillen in omzetbare energieconsumptie (MEi) en in energieverdeling in het lichaam naar 
aanzet en warmteproduktie, welke de oxidatieve fosforylering kwantitatief kunnen 
beïnvloeden. De gevolgen hiervan voor de zuurstofbehoefte en zuurstofconsumptie kunnen 
aanvangscondities creëren voor de ontwikkeling van ascites. Tezamen met veranderingen 
in zuurstoftoevoer vanuit de longen kunnen deze condities leiden tot pathofysiologische 
processen in het lichaam die resulteren in HFS en ascites. Schildklierhormonen die het 
proces van oxidative fosforylering op gang brengen en stimuleren kunnen daardoor invloed 
hebben op deze pathofysiologische processen. 
Experimenten met verschillende populaties vleeskuikens in combinatie met effecten van 
verschillende omgevingsfactoren, beschreven in de hoofdstukken 2, 3, 4 , 5 en 6, werden 
uitgevoerd. Het doel was de effecten te onderzoeken van verschillen in MEi, tezamen met 
verschillen in energieverdeling in het lichaam en van verschillen in zuurstofconsumptie op 
de aanwezigheid van indicatoren voor gevoeligheid voor ascites van kuikenpopulaties. 
Verschillen in omzetbare energie consumptie (MEi) in energie aanzet in eiwit en vet (RE) en 
in warmteproduktie (HP) tussen kuiken populaties in het onderzoek werden verkregen door 
de volgende experimentele factoren aan te wenden: 
1. Genetisch verschillende populaties kuikens verkregen door verschillen in selectiedruk op 
groeisnelheid (gram/dag) en op een lage voederconversie (FCR) in gram voer per gram 
gewichtstoename. Beide produktiekenmerken hebben invloed op MEi, op de 
energieverdeling in het lichaam, en op het energie rendement voor aanzet (RE/MEi). 
2. Verschillende voedersamenstellingen; verschillen in energiedichtheid van het voer welke 
voornamelijk effect hebben op MEi en in nutriëntgehalten van het voer welke met name 
effect hebben op energie aanzet (RE), eiwitaanzet (RP), vetaanzet (RF) en op 
warmteproduktie per gewichtstoename (HP/BWG). 
3. Verschillende omgevingstemperaturen welke hoofdzakelijk effect hebben op MEi, op 
HP/BWG en op zuurstofconsumptie per hoeveelheid eiwitaanzet (OXc/RP). 
4 . Het verstrekken van voer met en zonder toegevoegd exogeen schildklierhormoon of 
thyroxine (T4), dit heeft effect op MEi en op OXc gevolgd door effecten op RE en HP. 
Uit de experimenten bleek dat populaties die een lage FCR combineerden met een snelle 
groei vatbaar waren voor ascites (hoofdstuk 2, 3, 4 , 5 en 6). 
De resultaten toonden dat in snel groeiende kuikens, welke een lage FCR ontleenden aan 
hoge waarden voor RE/MEi, een snelle eiwitaanzet gepaard ging met een verminderde 
omzetting van chemische energie uit voer in warmte. 
Een geringe warmteproduktie, en dus een geringe zuurstofconsumptie die niet is afgestemd 
op een verhoogde behoefte aan zuurstof voor synthese en onderhoud van eiwit aanzet in 
weefsels leidt tot hypoxemie, hartstoornissen en ascites. 
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Snelle groeiende kuikens met een lage FCR vertoonden een verminderd 
aanpassingsvermogen van de stofwisseling aan wijzigingen in omgevingsfactoren zoals een 
hoog vetgehalte in het voer en een lage omgevingstemperatuur. Speciaal een lage 
omgevingstemperatuur vereist een verhoogde HP en OXc (hoofdstuk 2, 3, 4 en 6). 
Een omgevingstemperatuur die een verhoogde OXc vereist kan een verstoord evenwicht 
(onbalans) veroorzaken tussen aanvoer van zuurstof en behoefte aan zuurstof in kuikens. 
Het vertonen van een lage voederconversie door kuikens kan het gevolg zijn van het niet 
kunnen verhogen van de OXc boven een bepaald niveau. Daardoor kunnen kwantitat ieve 
omzettingen van voerenergie in warmte-energie worden gereduceerd. 
Dezelfde snelgroeiende populaties die een lage FCR vertoonden, indien blootgesteld aan een 
lage omgevingstemperatuur, toonden ook lage waarden voor zuurstofspanning in het bloed 
(hypoxemie) in vergelijking met andere populaties. Het falen van de stofwisseling van 
kuikens om zich aan te kunnen passen aan een lage omgevingstemperatuur door middel van 
een verhoogde zuurstofconsumptie, wat hypoxemie en een verhoogde bloeddruk in de 
longen tot gevolg heeft, kan verantwoordelijk zijn voor een ontwikkeling van ascites in 
kuikens. 
De experimentele resultaten beschreven in de hoofdstukken 3 en 4 ondersteunen de 
hypothese dat een verlaagde schildklierhormoon produktie (hypothyroïdie) welke een 
verlaagde HP en OXc tot gevolg heeft, één van de gecorreleerde gevolgen kan zijn van een 
selectie op een lage voederconversie. Resultaten beschreven in hoofdstuk 5 tonen aan dat 
verstrekking van exogeen thyroxine, aan kuikens welke vatbaar zijn voor ascites, een 
positief effect heeft op de aanvangscondities die leiden tot ascites. Toevoeging van 
thyroxine in het voer leidde alleen bij een populatie die zeer vatbaar was voor ascites, tot 
lagere hematocriet waarden en lager hemoglobine gehalten in het bloed. Hoge waarden of 
beide bloedkenmerken zijn indicatoren van vatbaarheid van ascites. 
Thyroxine toevoegen aan het voeder leidde ook tot een verbeterde aanpassing van de 
stofwisseling, in de populatie gevoelig voor ascites, aan een lage omgevingstemperatuur, 
met betrekking tot de consumptie van zuurstof. 
De resultaten van het onderzoek geven aan dat een lage schildklierhormoonactiviteit de 
aanpassingsmogelijkheden van de stofwisseling aan ongunstige omgevingsomstandigheden 
kan verminderen, zodanig dat dit leidt tot ascites. Uit de resultaten wordt geconcludeerd 
dat selectieprocedures en omgevingsfactoren die leiden tot een vermindering van de 
warmteproduktie per hoeveelheid gewichtstoename en van de zuurstofconsumptie per 
hoeveelheid aangezet eiwit (beide kenmerk veranderingen zijn gerelateerd aan een verlaging 
van de voederconversie) de vatbaarheid van kuikenpopulaties voor ascites zal verhogen. 
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